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PCI  11595  Year  One  Progress  Report  Initiating  PI:  Sabaawy,  Hatem,  E.,  M.D.  Ph.D. 

A.  INTRODUCTION 

Prostate  tumor-initiating  cells  (TICs)  have  intrinsic  resistance  to  current  therapies.  BMI-1  (B-cell-specific 
MMLV  insertion  site-1)  regulates  stem  cell  self-renewal,  and  is  over-expressed  in  TICs.  We  developed  a 
combined  immunophenotypic  and  time-of-adherence  assay  to  identify  human  prostate  TICs  with  increased 
BMI-1  expression.  Our  goal  is  to  identify  and  subsequently  develop  a  new  class  of  bioavailable  small  molecules 
that  inhibit  tumor  growth  by  selectively  reducing  BMI-1  production.  The  approved  statement  of  work  (SOW) 
described  synergistic  efforts  of  three  laboratories;  that  of  the  initiating  PI  (Hatem  Sabaawy,  MD,  PhD;  contract 
#W81XWH-12-l-0249);  partnering-PI  (Joseph  Bertibo,  MD;  contract  #W81XWH-12-l-0250);  and  partnering- 
PI  (Isaac  Kim,  MD,  PhD;  contract  #W81XWH-12-1-0251)  to  ensure  the  achievement  of  this  goal. 

Tow  central  elements  are  investigated  in  parallel  in  the  three  laboratories  for  this  project;  1)  Drug  screening  for 
BMI-1  inhibitors  utilizing  zebrafish  (Sabaawy  Lab),  prostate  cancer  cell  lines  (Bertino  Lab),  and  primary 
prostate  tissue  xenografts  (Kim  Lab).  2)  Once  compounds  are  identified  as  candidate  BMI-1  inhibitors,  these 
compounds  will  be  further  assessed  for  their  effects  on  primary  prostate  tumor  initiation  and  maintenance. 
Candidate  compound  antitumor  activity  will  be  investigated  in  zebrafish  (Sabaawy  Lab)  and  mice  xenografts 
(Bertino  Lab)  of  primary  prostate  cancer  tissue  (Kim  Lab).  The  following  tasks  from  the  approved  SOW  were 
performed  to  achieve  the  goal  of  defining  the  strategy  for  use  of  effective  BMI-1  inhibitors  in  future  trials: 

Task  #1.  Evaluate  the  expression  of  markers  of  TICs  such  as  BMI-1  and  CD44  and  correlation  with  prostate 
cancer  markers  in  prostate  cancer  patients  using  IHC.  We  demonstrated  the  correlation  of  BMI-1  and  CD44 
expression  in  TICs  in  the  accomplished  tasks  section  below  (Fig.  1),  and  correlation  of  TICs  expression  to  PCa 
markers  AMACR1  and  Erg  in  the  published  manuscript2  (see  appendix). 

Task  #2.  Isolate  and  characterize  TICs  from  prostate  cell  lines  and  primary  prostate  tumor  tissues.  TICs  were 
isolated  at  the  partnering  PI  (Bertino  Lab  and  Kim  Lab)  in  coordination  with  our  medical  oncology 
collaborators.  We  isolated  TICs  from  the  primary  prostate  tumor  tissue  and  confirmed  the  tumor  initiation 
ability  of  collagen  attached  TICs  in  nude  mice  (Bertino  lab)  and  zebrafish  (Sabaawy  lab)2  (see  appendix). 

Task  #3.  Evaluate  BMI-1  compounds  as  inhibitors  of  TICs  from  fresh  human  prostate  tumors  using  in  vitro 
functional  assays.  We  performed  collagen  adherence  assays  (Bertino  Lab);  drug  combination  assays  (Bertino 
Lab  and  Sabaawy  lab);  inhibition  of  growth  of  prostaspheres  (Bertino  Lab);  and  tested  growth  of  collagen 
adherent  TICs.  The  results  are  displayed  in  the  accomplished  tasks  section  below  (Fig.  2-3  for  testing  TICs), 
(Fig.  4  for  a  novel  finding  of  the  role  of  BMI-1  in  metastasis),  (Fig.  5  for  combination  and  chemotherapy  effects 
on  TICs),  (Fig.  6-9  for  effects  of  BMI-1  inhibitor  C-209  on  collagen  adherence,  prostaspheres,  and  tumor 
growth). 

The  following  three  additional  tasks  were  listed  under  year  2,  but  continue  during  the  first  2  years. 

Task  #4.  This  task  was  listed  in  approved  SOW  to  continue  from  year  1  through  year  2  (months  4-24).  We  have 
established  models  of  primary  prostate  xenografts  from  TICs  in  zebrafish  (Sabaawy  Lab)  and  mice  (Bertino 
Lab)  (see  appendix).  This  task  will  continue  in  year  2  using  additional  primary  samples. 

Task  #5.  This  task  was  listed  in  approved  SOW  to  continue  from  year  1  through  year  2  (months  4-24).  We  have 
evaluated  the  toxicological  profile  of  selected  BMI-1  inhibitors  (C-209,  C-210,  and  C-211)  in  zebrafish 
embryos  and  their  antitumor  effects  in  xenografts  (see  Fig.  6-9  for  effects  of  BMI-1  inhibitor  C-209).  We  will 
continue  to  perform  toxicological  assays  for  BMI-1  inhibitors  in  the  second  year  of  the  project. 

Task  #6.  This  task  was  listed  in  SOW  to  continue  from  year  1  through  year  2  (months  4-24).  We  performed 
toxicity  and  antitumor  effects  of  BMI-1  inhibitors  in  zebrafish  (Sabaawy  Lab)  (Fig.  6-9  for  effects  of  C-209). 

From  the  above  experiments  performed  in  the  first  year  of  the  project,  we  are  on  track  for  determining  which 
BMI-1  inhibitor(s)  to  be  used  for  in  vivo  studies  in  NOD-SCID  mice  and  fish  during  the  second  and  third  years 
of  the  project  to  determine  the  most  effective  combination  therapy  for  use  of  BMI-1  inhibitors  for  PCa  therapy. 
We  have  published  one  manuscript2  (see  appendix)  from  the  studies  of  the  first  year  and  generated  more  data 
for  additional  manuscripts  on  the  development  and  characterization  of  BMI-1  inhibitors  that  will  be  completed 
during  the  next  two  years  of  the  project. 


2 


PCI  11595  Year  One  Progress  Report 


Initiating  PI:  Sabaawy,  Hatem,  E.,  M.D.  Ph.D. 


B.  BODY 

Treatment  of  advanced  prostate  cancer  (PCa)  has  been  challenging  with  limited  success3.  Although  several 
agents  such  as  abiraterone,  cabazitaxel,  denosumab,  sipuleucel-T  became  available  during  the  last  few  years  for 
managing  castration  resistant  PCa  (CRPC),  these  therapies  only  marginally  extend  median  survival  by  ~3 
months4,5,  and  resistance  to  these  treatments  are  emerging.  There  is  a  dire  need  for  therapies  that  are  safe, 
efficacious,  and  cost-effective  for  treating  CRPC,  and  can  be  used  in  early  disease  to  prevent  metastasis. 

It  is  ever  more  accepted  that  fractions  of  PCa  cells  acquire  and/or  retain  tumor  initiation  and  self-renewal 
potentials,  therefore  are  termed  TICs6,7.  We  have  identified  prostate  TICs  from  primary  tissues  that  are 
collagen-adherent  a2pihl/CD44hl  cells2  (see  appendix).  Recent  experimental  and  clinical  studies  have  identified 
BMI-1  as  a  member  of  the  polycomb  family  of  chromatin  remodeling  complexes  that  act  as  transcriptional 
repressors  for  epigenetic  chromatin  modification.  BMI-1  encodes  a  zinc  finger  protein  that  forms  a  key  rate- 
limiting  regulatory  component  of  the  polycomb  repressor  complex  (PRC1)  regulating  cellular  transcription. 
PRC1  enzymatic  activities  include  DNA  methylation  of  CpG  islands  and  global  mono-ubiquitination  of  histone 
2A.  Our  data  demonstrate  that  upregulated  BMI-1  levels  correlate  with  advanced  PCa.  PCa  TICs  can  self-renew 
and  also  generate  non-TIC  progeny6.  Prostate  TICs  survive  treatment  due  to  their  intrinsic  resistance  to  current 
therapies8,9.  BMI-1  is  a  central  player  in  PCa  progression  as  it  controls  growth  signals10'15,  regulates  oncogenic 
microRNAs16,  and  induces  metastasis  markers  17 .  BMI-1  is  overexpressed  at  levels  much  higher  in  cancer  cells 
vs.  normal  cells18  (Preliminary  data)  (Fig.  1),  and  contributes  to  therapy  resistance,  in  particular  in  advanced 
and/or  metastatic  PCa10,18,19.  Importantly,  the  strongest  BMI-1  expression  is  observed  in  tissues20,21,  and 
plasma22'25  of  highly  aggressive  tumors  undergoing  metastasis.  Notably,  BMI-1  protein  levels  in  serum  of  PCa 
patients  correlate  with  increased  serum  PSA  .  Therefore,  BMI-1  is  an  excellent  biomarker  for  advanced  PCa, 
and  targeting  BMI-1  is  a  compelling  therapeutic  approach. 

Knockdown  of  BMI-1  inhibits  cell  proliferation  and  results  in  growth  arrest11;  whereas  its  overexpression 
promotes  anchorage  independent  growth  and  cell  invasion  .  With  recent  sequencing  of  pancreatic  and  kidney 
cancers27,28  and  determination  of  mutational  landscape  of  PCa29,  an  unexpected  intratumor  heterogeneity  was 
revealed.  A  common  feature  of  these  heterogeneous  clones  is  self-renewal,  a  feature  that  can  be  effectively 
targeted  by  inhibiting  BMI-1. 

We  identified  primary  PCa  adherent  a2|3  1  hl/CD44hl  TICs  in  mouse  and  zebrafish  xenografts2  (see  manuscript  in 
appendix)  that  overexpress  BMI-1  (see  accomplished  tasks  below;  Fig.  1).  TICs  are  comprised  of  heterogeneous 
subpopulations  with  multiple  phenotypes30.  Prostate  TICs  and  invasive  cells  are  enriched  for  CD4431 
(accomplished  tasks;  Fig.  1),  suggesting  an  intriguing  mechanism  of  initiating  PCa  invasion  though  basement 
membrane  degrading  activity  of  CD44  TICs.  BMI-1  promotes  prostate  tumorigenesis  by  several  mechanisms, 
including  repressing  pl6Ink4a  and  ARF  genes  regulating  senescence.  We  demonstrate  that  BMI-1  inhibitors 
target  these  senescence  targets  (accomplished  tasks;  Fig.  8).  In  summary,  BMI-1  is  a  critical  target  in  PCa  and 
developing  BMI-1  inhibitors  will  provide  novel  and  effective  therapy  for  PCa  treatment. 
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Taskl.  Evaluation  of  BMI-1  expression  in  PCa.  BMI-1  is  a  potential  target  for  human  prostate  TICs.  We 
examined  whether  BMI-1  is  upregulated  in  prostate  cancer  cells,  and  whether  it  is  coexpressed  with  the  putative 
prostate  TIC  marker  CD44  in  primary  prostate  cancer  tissues.  To  evaluate  the  clinical  relevance  of  BMI-1 
activation,  we  conducted  BMI-1  and  CD44  expression  analyses  on  FFPE  human  PCa  by  IHC  (Fig.  1).  Clinical 
tissues  were  classified  according  to  postoperative  Gleason  score  or  clinical  stage  (TNM  system).  Histological 
categories  divided  tumors  with  Gleason  scores,  whereas  clinical  stage  groups  were  defined  as  prostate-confined 
disease  (pT2)  and  disease  with  extraprostatic  extension  (pT3).  First,  PCa  regions  were  identified  with  the 
granular  cytoplasmic  staining  of  AMACR1  and  ERG  overexpression  when  TEMPRSS-ERG  fusion  was  detected 
2  (please  see  supplemental  figures  in  the  appendix).  Sequential  sections  were  then  examined  for  expression  of 
CD44  (progenitor  iso  form)  and  BMI-1.  Early-stage  adenocarcinomas  showed  upregulated  BMI-1  and  CD44 
coexpression,  as  compared  to  normal  margins  (Fig.  1,  top  representative  sections,  n=17,  12/17  (70%) 
demonstrated  the  same  pattern)  (Fig.  1).  These  data  from  TMA  were  also  seen  in  tissues  from  eight  patients 
who  were  recruited  to  this  study  (Table  1),  are  consistent  with  previous  reports10,18,19,26,  and  suggest  that  PCa 
patients  would  benefit  from  BMI-1 -targeted  therapies. 


1  ry 

prostate 

Age 

Type 

Grade 

pTNM 

Gleason 

R2 

99% 

confidence 

TIG 

frequency 

15726 

62 

Adc 

3 

pT2c 

3  +  3 

0.999 

1/7  to  1/37 

1/16 

17140 

52 

Adc 

3 

pT2c 

3  +  3 

0.995 

1/29  to  1/153 

1/71 

17761 

57 

Adc 

3 

pT2c 

3  +  3 

0.995 

1/64  to  1/228 

1/120 

19803 

55 

Adc 

3 

pT2c 

3  +  3 

0.999 

1/59  to  1/456 

1/185 

24126 

53 

Adc 

4 

pT3a 

3  +  3 

0.995 

1/32  to  1/114 

1/36 

40181 

60 

Adc 

4 

pT3a 

3  +  4 

0.998 

1/29  to  1/153 

1/71 

25185 

67 

Adc 

3 

pT2c 

3  +  3 

ND 

ND 

ND 

25315 

66 

Adc 

4 

pT3a 

3  +  4 

ND 

ND 

ND 

26136 

67 

Adc 

3 

pT3b 

4  +  5 

0.995 

1/4  to  1/47 

1/8 

25854 

55 

Adc 

4 

pT3b 

4  +  5 

0.998 

1/7  to  1/37 

1/16 

20838 

65 

Adc 

P 

P 

P 

P 

P 

P 

20864 

66 

Adc 

P 

P 

P 

P 

P 

P 

20869 

67 

Adc 

P 

P 

P 

P 

P 

P 

29032 

68 

Adc 

P 

P 

P 

P 

P 

P 

29084 

67 

Adc 

P 

P 

P 

P 

P 

P 

29092 

66 

Adc 

P 

P 

P 

P 

P 

P 

29110 

69 

Adc 

P 

P 

P 

P 

P 

P 

Table  1.  Primary  prostate  cancer  patient  characteristics  and  TIC  frequency.  Table  shows  data  from  seventeen  patients  recruited  with  number 
of  each  case,  age,  prostate  cancer  type  (adc,  adenocarcinoma),  histological  grade,  pathological  staging  based  on  the  pTNM  classification,  where 
pT2c  indicates  bilateral  prostate  disease,  and  total  Gleason  scores.  TIC  frequencies  of  1/16  (6.25%),  1/71  (1.4%),  1/120  (0.83%),  1/185  (0.54%), 
1/36  (2.7%),  1/71  (1.4%),  1/8  (12.5%),  1/16  (6.25%),  and  a  frequency  range  of  0.22%  to  25.0%  were  calculated  in  the  eight  patient  samples  using 
ELD  A  with  99%  confidence  interval,  and  with  the  displayed  correlation  coefficient  (R2)  values.  ND,  not  done  due  to  limited  tissues.  P,  pending. 
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Task2.  Isolation  of  prostate  TICs  using  phenotypic  and  time-of-adherence  assay.  As  compared  to  CSCs  or 
TICs  from  other  solid  tumors,  few  studies  have  reported  on  the  isolation  of  primary  human  prostate  TICs,  likely 
due  to  the  limited  availability  of  sizable  primary  tumor  tissues.  Our  experimental  approach  allowed  us  to 
identify  prostate  TICs  using  a  combination  of  time-of-adherence  and  phenotypic  assays  (Fig.  2A).  We  isolated 
CD44  and  a2pi-integrin  prostate  TICs  from  prostatectomy  tissues  and  PCa  cell  lines  upon  enrichment  with 
collagen  adherence  2  (see  appendix). 

On  the  basis  of  rapid  adhesion  on  collagen,  PCa  cells  were  plated  on  a  collagen-I  dish  for  5  min  (5’=rapidly 
adherent)  (3-5%  of  cells)  were  enriched  for  TICs  by  sorting  the  a2Pihl/CD44hl  cells.  The  sorted  adherent  cells 
upregulated  CD133  (From  0.01%  to  ~3%),  and  this  fraction  showed  superior  ability  to  form  tumors  in  mice2 
(see  appendix).  The  a2pi  /CD44  cells  have  significantly  higher  colony  forming  efficiency,  increased 
migration,  and  increased  invasion  abilities  vs.  a2pilow/CD44low  cells2.  The  ability  of  the  a2pihl/CD44hl  TICs  to 
self-renew  was  tested  in  serial  spheroid  assays.  Disaggregated  primary  spheroids  from  a2pihl/CD44hl  cells 
reformed  spheroids  in  2ry  and  3ry  assays,  whereas  those  from  a2pilow/CD44low  cells  formed  only  cell  clusters  in 
2ry  assays,  reflecting  their  limited  sternness2.  Thus,  adherent  a2pihl/CD44hl  cells  are  more  tumorigenic  in  vitro, 
and  in  mice,  therefore  fulfilled  the  criteria  of  TICs. 

Expression  of  CD44,  a2pi-integrin,  and  CD  133  in  each  fraction  was 
analyzed.  The  5  min-adherent  cell  fraction  had  an  average  of  several 
fold  higher  number  of  cells  highly  coexpressing  a2pi  and  CD44  as 
compared  to  the  20  min-non-adherent  in  PC3  and  CWR22  cells 
examined  (Fig.  3A).  Thus  phenotypically,  the  5  min-adherent  fraction  is 
enriched  in  a2pihl/CD44hl  cells,  while  the  20  min-non-adherent  fraction 
comprise  a2pilow/CD44low  cells  (Fig.  3B).  When  cells  from  the  5  min- 
adherent  fraction  of  PC3  and  CWR22  cells  that  are  a2pihi/CD44hi  cells 
were  grown  as  prostate  spheres,  known  to  contain  putative  TICs  that  can 
initiate  serially  passageable  spheres,  the  consistently  low  CD  133 
expression  increased,  and  up  to  5%  of  the  cells  were  CD  133  (Fig.  3C), 
while  CD  133  was  still  undetectable  in  LNCap  cells  when  grown  as 
prostate  spheres.  Thus,  we  conclude  that  in  primary  prostate  cancer 
cases  (n=6),  the  5  min-adherent  fraction  was  enriched  in  a2pi  /CD44 
cells,  and  in  CD  133+  cells  when  grown  as  prostate  spheres,  compared  to 
the  non-adherent  fraction. 

To  generate  a  xenograft  model  for  studying  primary  prostate  TICs’ 
response  to  therapy,  we  developed  methods  to  track  primary  human  cells 
in  the  translucent  zebrafish  using  Quantum  Dots  (QDs).  We  labeled 
TICs  from  six  primary  prostatectomy  tissues,  and  multiple  PCa  cell  lines 
with  QDs  at  the  narrow  605  red  emission  with  near  100%  efficiency.  To 
show  proof-in-principle  that  TICs  initiate  tumors  in  vivo  in  zebrafish,  we 
injected  them  with  QD-labeled  TICs2.  Embryonic  grafts  were  performed 
at  pre-immune  stages  before  development  of  fish  cell-mediated 
immunity  in  a  more  immune-permissive  environment  to  allow  for  testing 
of  full  tumor  initiation  potential.  This  was  critical  as  recent  reports 
suggested  that  tumor  cells  initiate  more  tumors  in  more  immune- 
permissive  NOD-SCID-IL2-Y  (NSG)  than  NOD-SCID  mice.  We  isolated 
TICs  by  adherence  to  collagen  strategy  (Fig.  2A),  labeled  them  with 
QDs,  and  injected  them  into  48-hour  post  fertilization  (hpf)  embryonic 
zebrafish,  or  in  conditioned  juvenile  fish.  Human  primary  PCa  cells  and  cell  lines  labeled  with  QDs  formed 


Bmi-1 


CD44 


Figure  1.  Expression  of  Bmi-1  and  CD44  in 
diagnostic  sections  from  prostate  cancer 
patient.  IHC  staining  of  sections  from  primary 
human  prostate  cancer  patients  undergoing 
prostatectomy  showing  upregulation  of  both 
Bmi-1  (insert  with  nuclear  staining  in  brown  on 
the  left),  and  CD44  (insert  with  membrane 
staining  in  brown  on  the  right)  in  tumor  tissue 
(lower  panels)  vs.  normal  prostate  margin 
(upper  panels).  Arrows  indicate  expression  of 
Bmi-1  and  CD44  in  both  basal  (white  arrows) 
and  luminal  layers  (black  arrows).  Scale  bars 
are  200  jim,  and  20  ^im  in  magnified  panels. 
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localized  tumor  graft  in  4-day  embryos  (Fig.  2B) 
that  often  disseminated  to  metastatic  sites2. 
Importantly,  normal  CD44'/low  non-adherent  stem 
cells  from  same  patient  survived,  but  failed  to 
initiate  tumors.  Transplanted  cells  were  traceable  in 
vivo  in  living  fish2.  Prostate  TICs  proliferated,  and 
initiated  visible  tumors  on  average  after  13  days, 
and  then  invaded  tissues,  and  formed  distal 
metastasis  by  day  282.  Cells  from  patients  with 
CRPC  were  monitored  and  seen  to  more  frequently 
metastasize  to  distal  sites2  similar  to  human  PCa. 


We  previously  demonstrated  in  the  preliminary  data 
of  the  application  that  sections  of  xenografts 
demonstrate  metastatic  colonies  detected  at  the 
kidney  marrow  of  zebrafish  (Fig.  4A),  the  site 
analogous  to  human  bone  marrow.  We  have  now 
determined  that  BMI-1  is  directly  involved  in  the 
metastatic  process  in  vivo  by  performing  IHC 
analysis  of  localized  vs.  metastatic  colonies  in 
sections  from  six  different  PCa  xenografts.  Fish 
with  metastatic  grafts  determined  by  disseminated 
QD  IF  appearance  were  fixed,  and  sections  were 
examined.  In  primary  PCa  graft  masses,  50±8%  of 
cells  express  BMI-1  (Fig.  4B),  in  contrast  to  89±4%  of  tumor 
cells  expressing  BMI-1  in  metastatic  colonies  (Fig.  4B,  p<0.01). 
These  data  support  a  novel  role  for  BMI-1  in  driving  PCa 
metastasis. 


^  Small  molecules  screen  to  target  Bmi-1  in  zebrafish  xenografts  of  prostate  c 
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Figure  2.  Prostate  TICs  xenotransplants  in  embryonic  zebrafish .  (A) 

Schematic  illustration  of  experimental  procedure  allowing  for  the  testing 
of  combination  therapy  in  zebrafish  xenografts  of primary  PCa.  TICs  were 
separated  by  collagen  adherence,  sorted  for  integrin/CD44,  and  then 
subjected  to  in  vitro  clonogenic,  migration,  and  invasion  assays,  or 
injected  in  zebrafish  embryos.  (B-E)  Bright  field  (B,  D)  and  red  605 
fluorescent  (C,  E)  images  from  embryos  transplanted  with  TICs  with  brain 
metastasis  (arrows  in  D-E).  Images  were  taken  9  days  post¬ 
transplantation.  (F-H)  H&E  (F,  I),  and  anti-human  CD44  IHC  (G-H)  in 
control  (F-H).  and  xenotransvlant  embrvo  with  brain  metastasis  ( I-K ). 
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Task3.  Evaluate  BMI-1  inhibitors  in  targeting  prosate  TICs. 

To  determine  if  the  5  min- adherent  cell  fraction  contains  TICs, 
a2pihi/CD44hi  DU145  cells  within  this  fraction  were  examined 
by  colony  formation,  and  migration  and  invasion  assays.  Cells 
within  the  5  min-adherent  cell  fraction  with  an  a2pihl/CD44hl 
phenotype  showed  a  nearly  2-fold  higher  colony  formation,  and 
increased  migration  and  invasion  abilities  as  compared  to 
a2pilow/CD44low  cells2  (see  appendix). 

An  essential  characteristic  of  TICs  is  their  ability  to  self-renew  in 
serial  plating  assays.  The  a2pihl/CD44hl  DU145  cells  formed 
significantly  more  single  cell-derived  spheroids  as  compared  to 
a2pilow/CD44low  cells.  Moreover,  spheroids  formed  from 
a2pilow/CD44low  DU145  cells  were  fewer  after  day-5,  and 
stopped  growing  after  day-9  (Fig.  5A-B)  suggesting  that  these 
cells  lack  self-renewal  abilities.  To  assess  self-renewal  at  an 
earlier  time  point  of  sphere  formation,  single  cells  derived  from 
day  7-primary  spheroids  were  replated  for  secondary  spheroid 
formation  assays.  Once  again,  a2pihl/CD44hl  DU145  cells 
generated  significantly  more  spheroids  than  a2pilow/CD44low 
cells  (Fig.  5C).  Collectively,  the  a2pihl/CD44hl  prostate  cancer 
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Figure  3.  Collagen-adherent  cells  are  enriched  in 
putative  TICs.  A,  Mean  percentage  of  5'  adherent  and 
20'  non-adherent  cells  in  PC3,  PC3  spheroids,  CWR22, 
and  CWR22  spheroids.  Data  represent  three  independent 
experiments.  B,  Flow  cytometric  analyses  of  CWR22  and 
LnCap  cells  after  collagen  adherence  showing  higher 
mean  fluorescence  intensity  (MFI)  of  5  minutes  collagen- 
I-adherent  (a2plhl/CD44hl)  cells  (Adherent)  compared  to 
20  min-non-adherent  (a2pilow/CD44low)  cells  (Non¬ 
adherent),  and  IgG  control  (IgG).  C,  CD  133  expression  in 
various  subsets  of  CWR22  cells.  In  a  representative 
experiment,  0.1%  of  the  cells  were  CD  133  positive,  and 
spheroids  from  upregulated  CD133  to  1.42%  (*p<0.001). 
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cells  exhibit  enhanced  tumorigenic,  invasive,  and  self¬ 
renewal  abilities. 

TICs  were  shown  to  be  resistant  to  chemotherapies.  Since  we 
isolated  putative  TICs  by  collagen  adherence,  we 
hypothesized  that  treatment  with  drugs  that  target  TICs 
would  reduce  the  number  of  cells  adhering  to  collagen-I. 
Hence,  we  performed  the  collagen  adherence  assay  upon 
treatment  with  chemotherapies  commonly  used  for  prostate 
cancer  at  ICsos  established  by  MTS  assays  (Fig.  5D).  Indeed, 
the  number  of  PCa  collagen-adherent  cells  was  not  affected 
by  chemotherapy  treatments  (Fig.  5E),  and  on  the 
contrary  increased  with  methotrexate  and  A 
carboplatin  (Fig.  5E)  suggesting  that  these  agents 
that  are  frequently  used  in  the  clinic  for  cancer  Day  9 

treatment  might  increase  the  percentage  of  putative 
TICs.  Day5 
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Figure  4 .  IHC  of  PCa  xenografts  in  zebrafish.  A.  TICs 
expressing  BMI-1  (arrows).  B.  Marrow  metastasis  with 
many  BMI-1 -positive  metastatic  human  cells. 
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An  essential  property  of  TICs  is  their  ability  to 
initiate  tumor  growth  in  immune-compromised 
mice  with  limited  cell  numbers.  We  tested  whether 
the  5  min-adherent  DU  145  cells  are  more 
tumorigenic.  Cells  were  injected  SC  in  the 
abdominal  flanks  of  nude  mice.  Tumors  were 
analyzed  by  three  variables:  tumor  incidence,  tumor 
growth  rate  (mm3/day),  and  final  tumor  volume 
(mm3;  Fig.  2B  in  2  (see  appendix)).  Only  17%  of 
mice  (n=3/20)  injected  with  non-adherent  cells 
developed  tumors,  while  nearly  all  mice  injected 
with  either  adherent  (n=  18/20)  (90%)  or  total 
DU145  cells  (n=17/20)  (85%)  developed  tumors. 
Mice  injected  with  adherent  cells  developed  tumors 
as  early  as  15  days  post-transplantation,  compared 
to  day  35  for  mice  injected  with  the  same  cell  dose 
of  one  million  total  DU  145  cells.  In  an  additional 
experiment,  injection  of  only  1,000  adherent  cells 
resulted  in  tumor  formation  and  tumor  volumes  that 
were  significantly  larger  than  those  generated  by 
injections  of  one  million  total  DU145  cells.  After  50 
days  of  growth,  adherent  DU  145  tumors  reached  an 
average  final  volume  of  867  mm3.  This  was 
significantly  larger  than  non-adherent  and  total 
DU145  tumors,  which  reached  final  volumes  of  126 
and  338  mm3,  respectively  (P  values  are  0.0006  and 
0.0001,  respectively,  when  compared  with  adherent 
cell  tumors).  Thus,  the  a201hl/CD44hl  DU145  cells 
are  more  tumorigenic  in  mice. 
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Figure  5.  Self-renewal  and  in  vitro  tumorigenic  potential  of  collagen- 
adherent  a2pihl/CD44hl  cells.  A,  Bars  demonstrate  the  enhanced  ability  of 
single  a2pihl/CD44hl  cells  to  form  spheroids,  compared  to  the  limited  ability 
of  single  a2pilow/CD44low  cells.  B,  Images  from  a2pilow/CD44low-derived 
spheroids  that  stopped  growing  at  day  9.  Scale  bars  are  50  ^im.  C, 
Quantitation  of  secondary  spheroids  from  a2plhl/CD44hl  and  a2pilow/CD44low 
single  cells  derived  from  primary  spheroids  at  day-7.  Numbers  of  spheroids 
are  displayed  as  mean  ±  s.e.m,  and  were  done  in  triplicate.  D,  IC50 
concentrations  of  various  drugs  and  Bmi-1  inhibitors  used.  IC50s  were 
determined  using  MTS  assays  in  DU  145  cells.  E,  DU  145  cells  were  treated 
with  clinically  used  chemotherapy  drugs  at  IC50  concentrations.  Collagen- 
adherent  cells  at  5-minutes  were  measured  using  MTS  assays.  Values  denote 
mean  fold  of  5  minute-adhesion  ±  s.d  from  three  independent  experiments. 
There  was  a  lack  of  significant  inhibition  of  5  min- adhesion  with  taxotere  and 
cisplatinum  (#p>0.05),  non- significant  increase  in  adhesion  with  doxorubicin 
(Ap>0.05),  and  statistically  significant  increase  in  adhesion  with  methotrexate 
and  carboplatinum  (*  p<0.05)  suggesting  resistance. 
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Task4.  Drug  discovery  of  BMI-1  inhibitors.  To  investigate  if 
pharmacological  targeting  of  BMI-1  would  provide  a  potential  therapy 
to  target  prostate  TICs,  we  screened  a  small  molecule  library  (from  PTC 
Therapeutics)  for  inhibitors  of  BMI-1  utilizing  both  luciferase-  and  GFP- 
reporters  encompassing  the  5'UTR  and  3'UTR  of  BMI-132.  These  small 
molecules  selectively  bind  to  BMI-1  mRNA,  and  modulate  post- 
transcriptional  expression  of  BMI-1  protein  32.  They  were  selected  based 
on  their  3-D  chemical  structure32,  and  were  synthesized  by  Rutgers 
chemistry  group  for  clinical  applications.  After  screening  hundreds  in 
fish  and  cell  reporter  assays,  compounds  with  superior  kinetics,  toxicity, 
and  efficacy  in  BMI-1  knockdown  were  identified.  The  IC50  values  were 
determined  using  MTT  assays.  We  used  fish  embryonic  toxicology 
assays  to  show  that  selected  compounds  have  no  toxicity  in  vivo,  and  do 
not  affect  embryonic  ESCs  (not  shown).  Toxicology  assays  allowed  us 
to  select  a  number  of  small  molecules  for  further  testing  (C-209  and  ten 
derived  molecules).  These  small  molecules  inhibited  the  expression  of 
BMI-1  in  DU145  cells  and  primary  cells  (Fig.  6),  with  the  expected 
reduction  in  downstream  ubiquitinated  y-H2A  levels.  Other  growth 
related  proteins  assessed  were  unaffected  (e.g.  p27,  H2A,  Fig  7B).  To 
study  the  mechanisms  by  which  BMI-1  inhibitors  induce  tumor  cell 
killing,  cell  cycle  analyses  were  examined  and  demonstrated  that  BMI-1 
inhibitors  induced  a  dose-dependent  G1  arrest  in  DU145  cells.  Previous 
RNAi  studies  suggested  that  normal  stem  cells  are  more  tolerant  to 
reduced  BMI-1  levels  than  tumor  cells. 


Figure  6.  Activity  of  BMI-1  inhibitor  in  lry 
PCa  cells.  A,  IC50  for  C-209  averaged  1-3 
micromole  in  l17  PCa  cells.  B,  Flow 
cytometry  panels  showing  that  treatment  with 
C-209  targets  a2pihi/CD44hi  TICs  in  a  dose- 
dependent  manner. 


Indeed,  we  found  tumor  cell  proliferation  is  more  sensitive  to 
BMI-1  reduction  than  that  of  normal  progenitor  cells  (CD34+ 
HSCs),  in  colony  assays,  providing  a  favorable  safety  margin 
for  C-209.  The  selectivity  of  C-209  was  investigated  by 
profiling  it  against  both  a  library  of  purified  kinase  targets 
using  Z’-LYTE  SelectScreen  profiling  assay  (Invitrogen) 
against  245  kinases,  and  phosphatase  profiler  with  an  IC50 
profiler  (Millipore).  Both  assays  yielded  <10%  activity  for  C- 
209. 

BMI-1  suppression  in  primary  collagen-adherent  cells 
(putative  TICs)  at  low  concentrations  resulted  in  a  significant 
PCa  killing  (Fig.  6A),  and  significantly  reduced  the 
percentages  of  a2pihl/CD44hl  prostate  TICs  in  a  dose- 
dependent  fashion  (Fig.  6B).  We  also  performed  high- 
throughput  toxicology  assays  in  zebrafish  embryos  to 
determine  a  safe  IC50.  Two  compounds  C-209,  and  C-210 
had  no  toxic  effects  on  zebrafish  embryonic  stem  cells  when 
used  at  IC50  established  in  human  PCa  cells,  and  C-209  is 
effective  in  targeting  self-renewal  in  PCa  xenografts. 

Treatment  with  C-209  significantly  reduced  the  number  of 
single  cell-derived  colonies  in  secondary  spheroid  assays 
(Fig.  7 A),  in  contrast  to  slight  inhibitory  effects  of 
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Figure  7.  Characterization  of  BMI-1  inhibitors.  A,  The 

effects  of  Bmi-1  inhibitors  vs.  methotrexate  (MTX)  and 
doxorubicin  on  the  formation  of  secondary  and  tertiary 
spheroids  from  single  cells.  Data  represent  three  independent 
experiments  using  IC50  concentrations  (*),  and  2x  IC50 
concentrations  (**),  and  treatments  were  found  to  be 
statistically  significant  where  indicated  (*,  **P<0.005 

compared  to  untreated).  B,  Western  blot  analysis  of  BMI-1  and 
Ezh2  levels  in  DU145  cells  treated  with  C-209-211  at  lx  and 
2x  of  the  IC50  concentrations.  GAPDH  levels  were  used  as 
controls.  C,  Western  blot  analysis  of  total  and  cleaved  (lower 
arrow)  PARP  levels  in  DU145  cells  treated  with  C-209-211  at 
indicated  concentrations.  Tubulin  levels  were  used  as  controls. 


8 


PCI  11595  Year  One  Progress  Report 


Initiating  PI:  Sabaawy,  Hatem,  E.,  M.D.  Ph.D. 


methotrexate  and  doxorubicin.  Importantly,  the  effects  of  C-209  and  C-211  treatment  on  tertiary  colony 
formation  from  spheroids  at  day  7  were  remarkable  in  reducing  colony  formation  by  nearly  10-fold,  while 
methotrexate  had  no  effect  (Fig.  7A)  suggesting  that  inhibiting  BMI-1  might  eliminate  self-renewal  of  prostate 
TICs. 

These  three  compounds  were  further  pursued,  and  they  effectively  targeted  BMI-1  (Fig.  7B).  The  effects  were 
specific  to  BMI-1,  but  not  to  other  PRC1  complex  proteins  such  as  Ezh2  (Fig.  7B).  To  validate  that  C-209  has 
activity  against  the  putative  TIC  fraction  in  other  prostate  cancer  cells,  we  treated  PC3,  CWR22  and  LNCap 
cells  with  C-209.  This  treatment  resulted  in  a  significant  reduction  in  the  5-min  adherent  a2pih7CD44hl  cells 
suggesting  that  C-209  might  be  targeting  this  TIC  fraction.  To  further  validate  the  specificity  of  these 
compounds,  we  treated  mouse  embryonic  fibroblasts  (MEFs)  that  are  either  Bmi-1+/+  or  Bmi-1  with  the  three 
compounds.  Since  Bmi-1  knockdown  was  shown  to  induce  senescence,  we  measured  senescence  in  MEFs  by 
staining  with  P-gal.  C-209,  C-210,  and  C-211  treatment  elicited  a  significant  increase  in  senescence  of  the  Bmi- 
1+/+  MEFs  compared  to  untreated  cells,  and  these  effects  were  not  significant  in  the  highly  senescent  Bmi-1  "/‘ 
MEFs  (Fig.  8D-E).  Moreover,  knockdown  of  BMI-1  using  shRNA  resulted  in  a  significant  increase  in 
senescence  of  DU  145  cells  (Fig.  8D-E)  further  validating  BMI-1  as  a  target  for  pharmacological  inhibition  in 
prostate  cancer  cells. 

C-209  is  a  translational  inhibitor  of  BMI-1 
expression  that  was  chemically  derived  by 
substituting  the  aminothiazole  derivative  at 
position  4  with  an  imidazolopyrymidine.  C-209 
was  most  effective  in  inhibiting  cell  proliferation 
by  selectively  targeting  BMI-1  in  DU  145,  PC3 
and  CWR22  cells,  and  reducing  the  ubiquitinated 
form  of  H2A,  a  product  of  the  BMI-1  PRC1 
complex  (Fig.  7),  and  by  increasing  senescence 
(Fig.  8D-E). 

We  further  investigated  other  potential 
mechanisms  by  which  C-209  increased 
senescence  and  induced  killing  of  prostate  cancer 
cells.  Cleavage  of  PARP  indicates  activation  of 
the  apoptotic  pathway.  Similar  levels  of  PARP 
cleavage  were  detected  in  treated  and  control  cells 
(Fig.  1C).  Since  Bmi-1"  MEFs  display  high 
levels  of  senescence,  we  examined  the  senescence 
levels  in  other  prostate  cancer  cell  lines  after 
treatment  with  C-209  (Fig.  8A-B).  Treatment  with 
C-209  elicited  a  significant  dose-dependent 
increase  in  senescence  of  DU  145  cells  (cells  with 
the  highest  BMI-1  expression  levels  among 
prostate  cancer  cell  lines  examined)  compared  to 
PC3,  LNCap,  and  CWR22  cells  (Fig.  8B).  In 
contrast,  treatment  of  LNCap  cells  with  C-209 
resulted  in  a  significant  decrease  in  senescence. 

While  the  mechanisms  by  which  C-209  effects  on 
senescence  in  LNCap  cells  requires  further 
investigations,  differences  in  BMI-1  levels, 
androgen  receptor  status,  and  RB  status  might 
contribute  to  the  difference  in  senescence 


Control 

1  C-209 

2  pM  C-209 


DU145  PC3  LnCap  CWR22 

Figure  8.  BMI-1  inhibitor  increases  senescence.  SA-|3-gal  staining  of  cells 
from  multiple  prostate  cancer  cell  lines  treated  with  C-209.  A, 
representative  images  of  SA-|3-gal  staining  of  the  indicated  prostate 
cancer  cell  lines  after  treatment  with  C-209.  Scale  bar  is  50  pm.  B, 
Quantitation  of  SA-|3-gal  staining  in  control  and  C-209-treated  cells. 
(*p<0.05  compared  to  untreated  cells).  Treatment  resulted  in  significant 
increase  in  senescence  of  DU  145  cells.  In  contrast,  LnCap  cells  showed 
a  significant  decrease  in  senescence.  Data  are  from  two  experiments 
performed  in  two  6-well  plates  for  each  treatment.  Percentage  of 
senescent  cells  was  determined  based  on  counts  of  1,000  cells  per 
treatment. 
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responses.  We  will  further  investigate  these  differences  in 
primary  prostate  cancer  tissues  to  determine  if  the  same 
variability  in  senescence  occurs  in  patients’  samples. 

Since  we  determined  the  IC50  of  C-209  in  DU145  cells  to  be 
2  pM,  we  examined  the  IC50  of  C209  in  LNCap  cells,  and 
found  it  to  be  1  pM  (Fig.  9A-B).  We  next  examined  the 
effects  of  treatment  with  C-209  on  cell  invasion.  C-209 
treatment  resulted  in  a  significant  decrease  in  cell  invasion  in 
both  DU145  and  LNCap  cells  at  higher  concentrations  (Fig. 
9C).  Furthermore,  C-209  displayed  potent  antitumor  activity 
against  the  5-min  adherent  a2pihl/CD44hl  DU145  sphere¬ 
forming  cells  (TICs)  that  we  have  shown  to  have  higher 
BMI-1  expression,  when  used  in  spheroid  assays  (Fig.  9D). 
These  studies  demonstrate  that  the  antitumor  activity  of  C- 
209  correlates  with  the  levels  of  expression  of  BMI-1.  The 
selectivity  of  C-209  was  further  validated  by  lack  of 
significant  inhibition  of  a  panel  of  160  kinase  and  21 
phosphatase. 

To  address  any  concern  that  BMI-1  inhibitors  might  act 
differently  in  mammalian  systems  and  mouse  models  of  PCa, 
we  used  PCa  mouse  xenografts  to  examine  the  antitumor 
activity  of  C-209.  The  initial  experiment  was  performed 
using  mice  bearing  well-established  DU  145  tumors  and 
treated  with  C-209  for  10  days.  This  treatment  resulted  in  a 
65%  reduction  of  tumor  growth.  To  show  selectivity  of  C- 
209  against  BMI-1,  we  measured  intratumor  levels  of  BMI-1 
and  non-specific  p27  using  ELISA.  Treatment  with  C-209 
significantly  reduced  BMI-1  intratumor  levels,  while  p27 
intratumor  levels  were  unchanged,  confirming  the  specificity 
in  BMI-1  targeting  in  primary  and  PCa  grafts. 

In  SUMMARY,  our  recently  published  manuscript 
demonstrated  that  we  have  established  a  platform  to  utilize 
lry  prostate  in  zebrafish  (Bansal  et  al.,  Prostate)  (in  press, 
manuscript  is  attached  in  the  appendix  )  as  biosensors  to 
identify  potent  and  selective  BMI-1  inhibitors.  We  have 
examined  a  number  of  prostate  cancer  patients  with 
adenocarcinomas  and  showed  that  BMI-1/CD44  correlate  in 
high-grade  histological  and  clinical  prostate  cancer. 


A  B 


■  DU145  cells 
LnCap  cells 


Spheroids  treated  with  C-209 


Figure  9.  Comparing  the  antitumor  activity  of  C-209  against 
DU145  and  LnCap  cells.  A-B,  DU145  and  LnCap  cells  were 
treated  with  C-209  at  different  concentrations  for  72hrs.  MTS 
reagent  was  added  to  the  cells  and  the  color  change  was 
determined  at  OD  of  490nm.  Percentage  of  survival  was 
calculated  using  PRIZM  software.  The  IC50  of  C-209  against 
DU  145  and  LnCap  cells  are  approximately  2  piM  and  1  jiM, 
respectively.  C,  C-209  inhibits  invasion  of  prostate  cancer 
cells  in  matrigel.  DU145and  LnCap  cells  were  treated  with  C- 
209,  the  cells  were  then  plated  on  matrigel  coated  inserts  for 
24hrs.  The  inserts  were  then  stained  with  crystal  violet,  and 
invaded  cells  were  counted.  Data  are  from  three  independent 
experiments  done  in  triplicates  for  each  treatment.  D,  Effect  of 
C-209  on  prostate  spheroids  with  upregulated  tumor  stem  cell 
markers.  The  spheroids  formed  from  5-min  collagen  attached 
cells  were  treated  with  C-209  at  several  concentrations  (range 
25  jiM  to  0.1  jiM)  for  72hrs.  The  spheroids  were  then  collected 
and  replated  in  96  well  plates  and  MTS  reagent  was  added. 
The  absorbance  was  determined  at  OD  490nm,  and  data  was 
analyzed  using  softmax  pro  software.  IC50  of  C-209  in 
spheroids  formed  from  the  5-min  collagen  attached  cells  was 
determined  to  be  ~3  uM. 


We  confirmed  the  activity  of  C-209  in  zebrafish  xenografts  and  further  confirmed  these  findings  in  mouse 
prostate  cancer  xenografts.  We  will  continue  to  study  the  roles  of  BMI-1  in  regulating  TICs  in  primary  PCa2, 
fish  and  mouse  xenografts,  and  develop  a  defined  rational  for  combination  therapies  during  the  second  and  third 
years  of  this  project. 
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D.  KEY  RESEARCH  ACCOMPLISHMENTS 


•  We  developed  a  combined  immunophenotypic  and  time-of-adherence  assay  to  identify  human  prostate 

tumor  initiating  cells  (TICs).  These  studies  are  recently  accepted  for  publication  and  appeared  in  early 
online  release  on  24  Oct,  2013  (the  full  manuscript  is  attached  in  the  appendix). 

•  We  recruited  17  patients  with  prostate  adenocarcinoma,  and  found  increased  BMI-1  and  CD44 
expression  in  cancer  tissues  compared  to  the  adjacent  normal  tissues.  These  studies  will  continue  with 
additional  patients’  tissues  in  the  next  year. 

•  Tumor  initiation  and  dissemination  were  consistently  observed  in  the  immune-permissive  zebrafish 

microenvironment  from  as-few-as  3  collagen-adherent  a2pihl/CD44hl  cells. 

•  In  zebrafish  xenografts,  self-renewing  prostate  TICs  comprise  0.02-0.9%  of  PC3  cells,  0.3- 1.3%  of 

DU145  cells,  and  0.22-25.0%  of  primary  prostate  adenocarcinomas. 

•  We  uncovered  a  novel  role  for  BMI-1  in  metastasis  based  on  data  from  zebrafish  xenografts. 

•  Utilizing  this  zebrafish  xenograft  model,  we  identified  the  first  known  translational  inhibitors  of  BMI-1 

that  target  prostate  TICs.  The  BMI-1  inhibitor  C-209  induced  prostate  cancer  cell  senescence,  and  G1 
cell  cycle  arrest. 

•  Targeting  of  BMI-1  with  C-209  in  prostate  cancer  significantly  reduced  clonogenic,  migration,  and 

invasion  abilities  of  TICs,  and  increased  cellular  senescence. 

•  Treatment  of  zebrafish  and  mouse  xenografts  with  the  BMI-1  inhibitor  C-209  reduced  the  metastatic 

potential  of  zebrafish  TIC-derived  xenografts,  and  inhibited  tumor  growth  in  mouse  xenografts, 
respectively. 

•  These  data  support  a  paradigm  of  therapeutically  targeting  TICs  in  prostate  cancer  with  C-209. 

•  The  next  stage  will  be  the  use  of  C-209  in  combination  therapy  in  zebrafish  and  mouse  xenografts  to 

develop  a  clinical  strategy  for  the  use  of  BMI-1  inhibitors  in  prostate  cancer  therapy. 


E.  REPORTABLE  OUTCOMES 

Manuscript: 

Bansal  N,  Davis  S,  Tereshchenko  I,  Budak-Alpdogan  T,  Zhong  H,  Stein  MN,  Kim  IY,  DiPaola  RS,  Bertino 
JR,  Sabaawy  HE.  Enrichment  of  human  prostate  cancer  cells  with  tumor  initiating  properties  in  mouse  and 
zebrafish  xenografts  by  differential  adhesion.  Prostate.  2013  Oct  24.  doi:  10.1002/pros.22740.  [Epub  ahead 
of  print].  PMC:  24154958.  (Full  manuscript  and  supplemental  data  are  attached  in  the  appendix). 
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Prostate  tumor- initiating  cells  (TICs)  have  intrinsic  resistance  to  current  therapies.  BMI-1  (B-cell-specific 
MMLV  insertion  site-1)  regulates  stem  cell  self-renewal,  and  is  over-expressed  in  TICs.  We  developed  a 
combined  immunophenotypic  and  time-of-adherence  assay  to  identify  human  prostate  TICs  with  increased 
BMI-1  expression.  Tumor  initiation  and  dissemination  were  consistently  observed  in  the  immune-permissive 
zebrafish  microenvironment  from  as-few-as  3  collagen-adherent  a2pihl/CD44hl  cells.  In  zebrafish  xenografts, 
self-renewing  prostate  TICs  comprise  0.02-0.9%  of  PC3  cells,  0.3-1. 3%  of  DU145  cells,  and  0.22-25.0%  of 
primary  prostate  adenocarcinomas.  Utilizing  the  zebrafish  xenograft  model,  we  identified  the  first  known 
translational  inhibitors  of  BMI-1  that  target  prostate  TICs.  BMI-1  inhibitors  induced  prostate  cancer  cell 
senescence,  and  G1  cell  cycle  arrest.  Targeting  of  BMI-1  significantly  reduced  clonogenic,  migration,  and 
invasion  abilities  of  TICs,  and  increased  cellular  senescence.  Treatment  of  zebrafish  and  mouse  xenografts 
with  the  BMI-1  inhibitor  C-209  reduced  the  metastatic  potential  of  zebrafish  TIC-derived  xenografts,  and 
inhibited  tumor  growth  in  mouse  xenografts,  respectively.  Therefore,  we  have  accomplished  our  goal  to 
demonstrate  the  beneficial  effects  of  targeting  prostate  TICs  with  BMI-1  inhibitors  during  the  first  year  of 
this  project.  This  work  also  resulted  in  a  publication  demonstrating  our  ability  to  isolate  and  propagate 
primary  prostate  cancer  TICs  using  the  zebrafish  xenograft  assay.  The  next  phase  of  studies  will  further 
examine  the  roles  of  BMI-1  targeted  therapy  in  prostate  cancer  from  additional  primary  tissues,  and 
specifically  examine  the  value  of  combining  TICs-targeted  therapy  using  BMI-1  inhibitors  with  common 
therapies  targeting  the  bulk  of  prostate  cancer  such  as  Taxotere  and  other  recently  approved  therapies  in 
order  to  develop  a  therapeutic  strategy  for  prostate  cancer  treatment  by  the  completion  of  the  project. 
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BACKGROUND.  Prostate  tumor-initiating  cells  (TICs)  have  intrinsic  resistance  to  current 
therapies.  TICs  are  commonly  isolated  by  cell  sorting  or  dye  exclusion,  however,  isolating 
TICs  from  limited  primary  prostate  cancer  (PCa)  tissues  is  inherently  inefficient.  We  adapted 
the  collagen  adherence  feature  to  develop  a  combined  immunophenotypic  and  time-of- 
adherence  assay  to  identify  human  prostate  TICs. 

METHODS.  PCa  cells  from  multiple  cell  lines  and  primary  tissues  were  allowed  to  adhere  to 
several  matrix  molecules,  and  fractions  of  adherent  cells  were  examined  for  their  TIC 
properties. 

RESULTS.  Collagen  I  rapidly-adherent  PCa  cells  have  significantly  higher  clonogenic, 
migration,  and  invasion  abilities,  and  initiated  more  tumor  xenografts  in  mice  when  compared 
to  slowly-adherent  and  no-adherent  cells.  To  determine  the  relative  frequency  of  TICs  among 
PCa  cell  lines  and  primary  PCa  cells,  we  utilized  zebrafish  xenografts  to  define  the  tumor 
initiation  potential  of  serial  dilutions  of  rapidly-adherent  a2|31hl/CD44hl  cells  compared  to 
non-adherent  cells  with  a2|31low/CD44low  phenotype.  Tumor  initiation  from  rapidly-adherent 
a2pihl/CD44hl  TICs  harboring  the  TMPRSS2:ERG  fusion  generated  xenografts  comprising  of 
PCa  cells  expressing  Erg,  AMACR,  and  PSA.  Moreover,  PCa-cell  dissemination  was 
consistently  observed  in  the  immune-permissive  zebrafish  microenvironment  from  as-few-as  3 
rapidly-adherent  a2|31hl/CD44hl  cells.  In  zebrafish  xenografts,  self-renewing  prostate  TICs 
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comprise  0.02-0.9%  of  PC3  cells,  0.3-1. 3%  of  DU145  cells,  and  0.22-14.3%  of  primary  prostate 
adenocarcinomas. 

CONCLUSION.  Zebrafish  PCa  xenografts  were  used  to  determine  that  the  frequency  of 
prostate  TICs  varies  among  PCa  cell  lines  and  primary  PCa  tissues.  These  data  support  a 
paradigm  of  utilizing  zebrafish  xenografts  to  evaluate  novel  therapies  targeting  TICs  in 
prostate  cancer.  Prostate  ©  2013  Wiley  Periodicals,  Inc. 

KEY  WORDS:  prostate  cancer  stem  cells;  tumor-initiating  cells;  zebrafish 


INTRODUCTION 

Prostate  cancers  (PCa)  were  suggested  to  contain 
tumor  cells  that  can  self-renew,  differentiate  into 
multiple  cell  types  reconstituting  the  diverse  tumor 
population,  and  have  enhanced  proliferative  capacity 
to  drive  the  continued  expansion  of  malignant 
cells  [1].  These  cells  were  identified  as  tumor-initiating 
cells  (TICs)  [2,3]  that  are  able  to  form  tumors  in 
immune-compromised  mice,  and  self-renew  in  serial 
transplantation  studies  [4].  Genetic  and  lineage  trac¬ 
ing  studies  have  recently  provided  substantial  evi¬ 
dence  that  subpopulations  of  tumor  cells  or  TICs 
direct  tumor  growth  in  mice  [5-7].  These  cells  survive 
treatments  by  virtue  of  possessing  anti-apoptotic 
signals,  high  levels  of  drug-efflux  membrane  trans¬ 
porters,  and  high  DNA  repair  capacity  [8].  Since  TICs 
are  commonly  resistant  to  conventional  chemothera¬ 
pies,  and  prostate  tumors  develop  resistance  to  hor¬ 
monal  ablation  therapy  [9],  an  attractive  cancer 
treatment  strategy  is  to  identify  TICs  and  then  use 
agents  that  effectively  target  the  self-renewal  abilities 
of  TICs,  alone  or  in  combination  with  hormone 
ablation  as  an  initial  therapy  to  accomplish  total 
tumor  eradication,  and  to  reduce  the  risk  of  relapse 
and  metastasis. 

PCa  TICs  showed  enhanced  expression  of  self¬ 
renewal  and  stem  cell  markers  such  as  Bmi-1,  Oct4,  (3- 
catenin,  and  SMO  supporting  the  presence  of  prostate 
TICs  with  stem  cell  properties  [10].  Moreover,  knock¬ 
down  of  these  self-renewal  signals  in  metastatic  PCa 
leads  to  tumor  cell  death  [11].  Thus,  development  of 
methods  to  enrich  for  TICs  would  provide  a  platform 
for  the  identification  and  preclinical  examination  of 
novel  therapies  that  target  self-renewal  signals  in 
prostate  TICs. 

Prostate  tumors  contain  several  functionally  di¬ 
verse  cell  types  including  TICs  that  can  be  of 
basal  and/or  luminal  origin(s)  [12],  transit  amplify¬ 
ing  cells,  terminally  differentiated  cells,  and  sup¬ 
portive  stromal  cells.  The  fraction  of  cells  with  TIC 
abilities  would  likely  vary  among  different  PCa  cell 
lines  and  primary  patient  samples;  however,  it  is 
generally  believed  to  be  a  smaller  fraction  of  cells 
within  each  tumor.  Therefore,  isolating  the  TIC 


subpopulation  from  a  limited  number  of  fresh 
primary  PCa  cells  for  study  and  manipulation  is 
inherently  inefficient. 

PCa  cells  were  shown  to  harbor  a  series  of 
TMPRSS2-Ets  fusion  proteins  generated  through  chro¬ 
mosomal  translocations  [13],  and  detected  using  inter¬ 
phase  fluorescent  in  situ  hybridization  (FISH) 
techniques.  The  TMPRSS2-Ets  fusions  frequently  re¬ 
sult  in  overexpression  of  Ets  proteins  such  as  Erg 
when  PCa  cells  are  examined  with  immunohistochem- 
istry  (IHC),  making  overexpression  of  Erg  as  one  of 
the  most  PCa-specific  biomarkers  yet  identified  [14]. 
Another  biomarker  is  the  overexpression  of  alpha- 
methylacyl  coenzyme  A  racemase  (AMACR),  which 
in  combination  with  absence  of  basal  cell  layer 
markers  are  typical  phenotypes  of  acinar  prostatic 
adenocarcinoma.  Integrin-|3-1  has  also  been  recog¬ 
nized  as  a  basal  cell  marker  associated  with  certain 
stem  cell  properties,  and  has  been  used  as  a  cell 
surface  maker  for  enrichment  of  epidermal  keratino- 
cyte  stem  cells  [15]  and  human  prostate  epithelial 
stem  cells  [16].  We  attempted  to  enrich  putative  TICs 
from  PCa  cell  lines  and  primary  samples  based  on 
adhesion  to  collagen  I,  collagen  VI,  or  laminin;  that 
are  all  |31-Integrin  ligands.  We  then  examined  their 
TIC  properties  in  vitro  and  in  vivo  in  mice  and 
zebrafish  xenografts. 

Tumor  cell  xenografts  in  the  teleost  zebrafish  (Danio 
rerio)  might  allow  for  monitoring  of  tumor  initiation 
from  a  limited  number  of  TICs,  thus  mimicking  the 
orderly  stages  of  tumor  growth,  relapse,  and  metastasis. 
The  zebrafish  xenograft  model  offers  several  advantages 
over  traditional  murine  and  chick  embryo  xenograft 
models.  Zebrafish  embryos  are  small,  develop  rapidly, 
and  hundreds  are  produced  daily  from  each  pair, 
making  zebrafish  an  excellent  vertebrate  tool  for  testing 
chemicals  in  vivo,  and  for  cancer  drug  discovery  [17]. 
The  optical  clarity  of  zebrafish  embryos  and  Casper  [18] 
adult  fish  allows  for  non-invasive  observation  of  tumor 
initiation,  migration,  and  metastasis  [19-21].  Earlier  TIC 
reports  suggested  that  TICs  from  the  same  patient  are 
more  prevalent  in  the  highly  immune-permissive  NOD- 
SCID-IL2Ry  deficient  mice  than  in  the  NOD-SCID 
deficient  mice  [22].  In  contrast,  the  use  of  zebrafish 
embryos  in  a  pre-immune,  more  xenograft-tolerant. 
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environment  would  be  advantageous  to  determine  the 
self-renewal  potential  of  prostate  TICs. 

Here,  we  demonstrate  that  a  fraction  of  cells  isolat¬ 
ed  from  multiple  PCa  cell  lines  and  primary  cells  have 
tumor  initiation  potential  in  mice  and  zebrafish. 
Moreover,  we  found  that  prostate  TIC  frequency  of 
primary  PCa  cells  is  much  higher  than  TIC  frequency 
of  cells  from  established  PCa  cell  lines  in  zebrafish 
xenografts. 

MATERIALS  AND  METHODS 

Materials 

Taxotere,  doxorubicin,  and  methotrexate  were  from 
the  Cancer  Institute  of  New  Jersey  pharmacy.  Both 
collagen  I,  IV  and  laminin  were  purchased  from  BD 
Biosciences,  and  athymicnu/nu  mice  were  from  Jackson 
laboratory. 

Fresh  Human  Prostate  Cancer  Samples 

PCa  patients  diagnosed  at  the  CINJ  between  2008 
and  2012  were  enrolled.  Prostate  TICs  and  populations 
lacking  TICs  were  isolated  and  characterized  from 
prostatectomy  specimens.  Informed  consents  were 
obtained.  De-identified  PCa  specimens  were  collected 
under  institutional  review  board  (IRB)-approved  pro¬ 
tocol.  We  used  samples  with  similar  Gleason  scores 
determined  through  the  review  of  diagnostic  patholo¬ 
gy  reports.  Primary  cells  were  isolated  as  described  in 
supplementary  methods,  allowed  to  adhere  to  colla¬ 
gen  I,  and  subfractions  were  sorted  and  transplanted 
into  fish  embryos. 

Cell  Lines  Culture,  Prostate  Spheres, Colony 
Formation,  Migration,  and  Invasion  Assays 

Prostate  normal  and  cancer  cells  were  maintained  at 
low  passage  numbers  and  utilized  for  clonogenic, 
migration,  invasion,  and  prostate  sphere  forming 
assays  as  described  in  supplementary  methods  and 
elsewhere  [23-25]. 

Collagen  Adherence  Assay 

Putative  TICs  were  isolated  by  combining  pheno¬ 
typic  analyses  [3]  with  collagen  I  adherence.  In  brief, 
tissue  culture  dishes  were  coated  with  70pg/ml  of 
collagen  I  for  1  hr  at  room  temperature  or  overnight  at 
4°C.  Plates  were  washed  with  PBS,  blocked  in  0.3% 
BSA  for  30  min,  washed  again,  and  cells  were  plated 
on  collagen  I  for  5  or  20  min.  Cells  that  adhere  in 
5  min,  and  cells  that  did  not  adhere  after  20  min  were 
collected,  and  used. 


Flow  Cytometry,  IHC,  Interphase  FISH,  and 
Cytotoxicity  Assays 

Prostate  cells  were  analyzed  using  FACScan  cytom¬ 
eter  and  CellQuest  software  (BD).  Flow  cytometry, 
IHC,  interphase  FISH  for  TMPRSS2:Erg  fusions,  and 
cytotoxicity  assays  were  performed  as  described  in 
supplementary  methods.  IC50  concentrations  used  in 
cytotoxicity  assays  are  described  in  supplementary 
methods  and  Supplementary  Figure  SID,  and  were 
determined  using  Hill's  equation  in  Graph-Pad  prism 
4.0  software. 

Xenograft  Studies  in  Nude  Mice 

Animals  were  used  in  accordance  with  an  approved 
protocol  from  RWJMS.  PCa  cells,  5  min  collagen  adher¬ 
ent,  and  20  min  non-adherent  cells  were  injected  along 
with  matrigel  in  a  1:1  ratio  into  the  abdominal  flanks 
of  nude  mice  (n  =  8  mice/ group).  A  subset  of  each  cell 
population  was  analyzed  for  cell  viability  to  confirm 
that  viable  cells  were  being  injected  into  the  mice. 
Every  3  days,  tumor  dimensions  were  measured  using 
a  Vernier  caliper,  and  tumor  volumes  were  calculated 
as  described  [26]. 

Labeling  and  Transplantation  of  Prostate  Cancer 
Cells  in  Zebrafish 

Wild  type  EKK  and  AB*  zebrafish  (D.  rerio)  were 
maintained  following  an  approved  animal  protocol. 
Adult  fish  were  spawned  and  reared  in  conditioned 
water  at  28.5°C  on  a  14-hr  light-10-hr  dark  cycle. 
Embryos  were  staged  as  described  (http://zfin.org).  To 
track  human  cells  in  embryos  and  juvenile  Casper  [18] 
fish,  we  labeled  PCa  cells  with  quantum  dots  (QDs) 
that  are  virtually  resistant  to  photobleaching.  PCa  cells 
were  resuspended  in  0.5  x  Dulbecco's  PBS  (DPBS) 
containing  QD605  (red  fluorescence;  Invitrogen)  and 
lipofectamine  at  a  ratio  of  1:2  for  2  hr.  Cells  in  0.5  x 
DPBS  were  used  for  transplantation  into  dechorionated 
and  anesthetized  (0.5  x  tricaine  methanesulfonate,  MS- 
222;  Sigma)  48-hr  post-fertilization  (hpf)  embryos  using 
15  pm  (internal  diameter)  injection  needles.  Transplan¬ 
tation  of  fresh  cells  or  cells  dissociated  from  primary 
xenograft  regions  and  sorted  for  serial  transplantation 
were  done  as  described  in  supplementary  methods  and 
as  previously  described  [27].  Microinjections  were 
either  subcutaneously  (SC),  or  above  the  yolk  into  the 
sinus  venosus  using  a  Celltram  microinjector.  After 
transplantation  and  initial  imaging,  embryos  were 
incubated  for  2  hr  at  37°C,  and  were  then  maintained 
in  a  humidified  incubator  at  33-34°C  for  up  to  12  days 
post-transplantation  (dpt).  Human  cells  were  moni¬ 
tored  under  fluorescent  microscopy  for  homing  and 
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tissue  repopulation.  Juvenile  zebrafish  at  6-8  weeks  of 
age  were  immune-suppressed  with  10pg/ml  dexame- 
thazone  for  2  days  as  previously  described  [19,28],  and 
were  also  utilized  to  generate  xenografts.  Juvenile  fish 
were  monitored  for  tumor  growth  and  metastasis  for 
up  to  5  weeks. 

Extreme  Limiting  Dilution  Analysis  (ELDA) 

ELDA  was  used  to  assess  the  number  of  self-renew¬ 
ing  cells  contained  within  the  bulk  of  the  primary  PCa 
mass  as  described  in  supplementary  methods.  The  TIC 
frequency  was  finally  calculated  after  12  dpt  using  a 
linear  regression  method  that  was  completed  using 
ELDA  [29]  at  http://bioinf.wehi.edu.au/cgi-bin/lim- 
dil/ limdil.pl. 


Statistical  Analysis 

All  experiments  were  performed  thrice,  and  each 
experiment  was  done  in  triplicates.  Statistical  analyses 
were  done  using  Student's  f-test  unless  otherwise 
indicated.  Results  are  presented  as  mean  ±  standard 
deviation  (SD).  Limiting  dilution  analysis  (LDA), 
ELDA  [29],  and  L-Calc  statistical  software  were  used 
to  determine  the  frequencies  of  self-renewing  TICs.  A 
P-value  of  <0.05  was  considered  significant. 


RESULTS 

Isolation  and  Characterization  of  Human  Prostate 
Tumor-Initiating  Cells 

Several  strategies  have  been  proposed  to  isolate 
prostate  TICs,  including  the  use  of  a  combination  of 
unique  surface  markers.  Phenotypic  markers  identi- 
fied  for  prostate  TICs  are  CD44hi,  CD44  1  /CD24  [30], 
and  CD44hi,  a2(31-integrinhi,  and  CD133+  [3,16]. 
Trop2  marker  has  also  been  used  in  combination  with 
CD49f+  to  enrich  for  sphere-forming  cells  from  human 
prostate  [31].  We  elected  to  use  a  strategy  of  combin¬ 
ing  phenotypic  and  time-of-adherence  assays  to  iso¬ 
late  TICs  from  PCa  cells.  The  adhesion  properties  of 
PCa  cells  were  examined  by  incubating  cells  on  either 
laminin-,  collagen  I-,  collagen  IV-coated  dishes,  or 
when  all  three  matrix  molecules  are  combined  for 
different  lengths  of  time  from  5,  10,  15,  to  20  min.  As 
seen  in  Figure  1  for  DU145  cells  from  six  separate 
adhesion  experiments,  PCa  cells  rapidly  adhered  to 
collagen  I-coated  dishes  within  5  min.  The  assay  is 
based  on  the  finding  that  epidermal  and  testicular 
stem  cells  express  higher  levels  of  a2(31-  and  a3(31- 
integrins  than  transit  amplifying  or  differentiated  cells 
[32,33].  To  isolate  putative  TICs,  PCa  cells  from  four 
cell  lines  and  six  primary  patient  prostatectomies 
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Fig.  I.  Isolation  of  subpopulations  of  prostate  cancer  cells  by  dif¬ 
ferential  adherence.  A:  Multiple  prostate  cancer  cell  lines  were 
allowed  to  adhere  to  either  laminin-,  collagen  I-,  collagen  IV-coated 
plates,  or  plates  coated  with  all  three  combinations. Time  of  adher¬ 
ence  assay  is  described  where  PCa  cells  are  allowed  to  adhere  for 
5  min,  the  rapidly  adherent  cells  after  5  min  (5')  are  collected,  the 
remaining  of  the  cells  are  replated  for  20  min,  the  cells  that  adhere 
at  20  min  (20')  are  collected,  and  the  cells  that  did  not  adhere  (>20' 
are  labeled  as  non-adherent  cells.  Data  are  shown  for  DUI45  cells 
from  six  separate  adhesion  experiments.  B:  Fractions  of  PC3  and 
DUI45  cells  collected  after  time-of-adherence  assay  were  sub¬ 
jected  to  flow  cytometric  analysis  of  a2(3  l-integrin  expression. 
Representative  flow  cytometric  analysis  is  shown  for  PC3  and 
DUI45  cells.  C:  Percentages  of  collagen  I  adherent  and  non-adher¬ 
ent  PC3  and  DUI45  cells  immediately  after  collagen  adherence  as¬ 
say.  D:  Cell  viability  of  collagen  I  adherent  and  non-adherent  PC3 
and  DU  145  cells  immediately  after  the  collagen  adherence  assay 
were  similar  to  cell  viabilities  of  adherent  and  non-adherent  cells  im¬ 
mediately  after  cell  isolation,  and  averaged  95-99.9%. 


(Table  I)  were  plated  on  collagen  I-coated  dishes  for 
5  min,  and  adherent  cells  were  collected.  Non-adher¬ 
ent  cells  were  replated  for  20  min.  After  20  min,  non¬ 
adherent  cells  were  also  collected.  To  investigate 
whether  the  rapidly  collagen-adherent  cells  (at  5  min) 
had  increased  expression  of  a2(3 l-integrin  positive 
cells  (a  marker  for  TICs),  we  performed  flow  cytomet¬ 
ric  analyses  of  the  different  fractions,  and  found  that 
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TABLE  1.  TIC  Frequencies  of  Cells  From  Primary 

Prostate  Cancer  Patients  in  Zebrafish  Xenografts 

lry  prostate 

Gleason 

R2 

99% 

confidence 

TIC 

frequency 

1 

3  +  3 

0.999 

1/7-1/37 

1/16 

2 

3  +  3 

0.995 

1/29-1/153 

1/71 

3 

3  +  3 

0.995 

1/64-1/228 

1/120 

4 

3  +  3 

0.999 

1/59-1/456 

1/185 

5 

3  +  3 

0.995 

1/32-1/114 

1/36 

6 

3  +  4 

0.998 

1/29-1/153 

1/71 

Table  shows  patient  number  and  Gleason  scores.  TIC  frequen¬ 
cies  of  1/16  (6.25%),  1/71  (1.4%),  1/120  (0.83%),  1/185  (0.54%), 
1/36  (2.7%),  1/71  (1.4%),  1/8  (12.5%),  1/16  (6.25%),  and  a 
frequency  range  of  0.22-25.0%  were  calculated  in  the  six  patient 
samples  using  ELDA  with  99%  confidence  interval,  and  with  the 
displayed  correlation  coefficient  (R2)  values.  Fifty  embryos  per 
dilution  per  tumor  sample  were  transplanted  SC  with  limiting 
dilution  (3-100  cells)  of  TICs  from  the  5  min  adherent  a2|31hi/ 
CD44hl  cells.  Tumor  cell  graft  take  was  consistently  high,  and 
averaged  77  d=  10%,  and  embryo  survival  next  day  after  trans¬ 
plantation  was  >86%. 


the  rapidly  adherent  cells  have  higher  a2(31-integrin 
expression  from  both  DU145  and  PC3  cells  (Fig.  IB) 
compared  to  the  20  min  non-adherent  cells.  Differen¬ 
tial  adhesion  was  readily  detectable  when  collagen  I 
was  used  (Fig.  1A),  hence  we  performed  further 
experiments  utilizing  collagen  I.  Similar  percentages 
of  collagen  I  adherent  cells  were  seen  from  both 
DU145  and  PC3  cells  (Fig.  1C).  To  exclude  that  the 
differential  adhesion  of  PCa  cells  to  collagen  I-coated 
dishes  was  due  to  differences  in  cell  viability  or 
interference  with  cell  proliferation  abilities,  we  com¬ 
pared  the  proliferation  of  the  differentially  adherent 
fractions  to  the  non-selected  ones,  and  found  no 
significant  difference  in  cell  proliferation  (Supplemen¬ 
tary  Fig.  SI).  Cell  viabilities  of  adherent  and  non¬ 
adherent  cells  immediately  after  cell  isolation  were 
similar  (Fig.  ID)  and  were  on  average  95-99.9%.  We 
also  found  that  the  rapidly  adherent  cells  retained  a 
more  cohesive  colony-like  morphology  after  plating 
for  6  days,  while  20  min  non-adherent  and  adherent 
cells  retained  a  less  cohesive  and  mixed  morphology, 
respectively  (Supplementary  Fig.  SI). 

We  then  examined  the  expression  of  stem  cell 
markers  in  DU145,  PC3,  LNCap,  and  CWR22  PCa 
cells.  CD44hl  and  a2(31-integrinhi  cells  were  detected  in 
all  four  cell  lines  (Fig.  2A),  while  CD133  expression 
was  very  low  (<0.01%)  to  not  detectable.  We  isolated 
TICs  from  these  PCa  cell  lines  by  combining  phenotyp¬ 
ic  selection  with  collagen  I  adherence.  The  5  min 
adherent  cell  fraction  comprised  on  average  4-6%  of 
DU145  and  PC3  cells,  but  was  two-  to  threefold  less  in 


both  LNCap  and  CWR22  cells  (Fig.  2B).  Expression  of 
CD44,  a2(31-integrin,  and  CD133  in  each  fraction  was 
analyzed.  The  5  min  adherent  cell  fraction  had  an 
average  of  several  fold  higher  number  of  cells  highly 
coexpressing  a2(31  and  CD44  as  compared  to  the 
20  min  non-adherent  fractions  in  all  of  the  PCa  cells 
examined  (Fig.  2B  and  Supplementary  Fig.  S2A).  Thus 
phenotypically,  the  5  min  adherent  fraction  is  enriched 
in  a2(31hi/CD44hl  cells,  while  the  20  min  non-adherent 
fraction  comprise  a2|31low/CD44low  cells.  When  cells 
from  the  5  min  adherent  fraction  of  PC3  and  DU145 
cells  that  are  a2(31hl/CD44hl  cells  were  grown  as 
prostate  spheres,  known  to  contain  putative  TICs  that 
can  initiate  serially  passageable  spheres,  the  consis¬ 
tently  low  CD133  expression  increased,  and  up  to  5% 
of  the  cells  were  CD133+  (Fig.  2D).  Significant  upregu- 
lation  of  CD133  expression  was  detected  in  spheres  of 
DU145  and  PC3  cells  (Fig.  2D)  and  CWR22  cells 
(Supplementary  Fig.  S2C),  while  CD133  was  still 
undetectable  in  LNCap  cells  when  grown  as  prostate 
spheres. 

To  examine  if  combining  phenotypic  and  time-of- 
adherence  assays  could  be  used  to  isolate  TICs  from 
primary  PCa  cases  (n  =  6),  we  collected  fresh  tissues 
from  6  matched  PCa  patients  with  similar  Gleason 
scores  (Table  I),  and  subjected  them  to  the  same  assay. 
Similar  to  PCa  cell  lines,  the  5  min  adherent  fraction 
from  primary  samples  was  enriched  in  a2(31hl/CD44hl 
cells,  and  in  CD133+  cells  when  grown  as  prostate 
spheres,  compared  to  the  non-adherent  fraction 
(Fig.  2E). 

Tumorigenicand  Self-Renewal  Capacities  of 
Adherent  Tumor  Cells 

To  determine  if  the  5  min  adherent  cell  fraction 
contains  TICs,  a2(31hl/CD44hl  DU145  cells  within  this 
fraction  were  examined  by  colony  formation,  and 
migration  and  invasion  assays.  The  5  min  adherent  cell 
fraction  with  an  a2(31hl/CD44hl  phenotype  showed  a 
nearly  twofold  higher  colony  formation  (Fig.  3A),  and 
increased  migration  and  invasion  abilities  as  com¬ 
pared  to  a2pilow/CD44low  cells  (Fig.  3A).  Similarly, 
PC3,  CWR22,  and  LNCap  cells  within  the  5  min 
adherent  cell  fractions  with  an  a2(31hi/CD44hl  pheno¬ 
type  showed  variable  but  consistently  higher  colony 
and  spheroid  formation  abilities  (Supplementary 
Fig.  S2A-C).  Since  DU145  and  PC3  cells  displayed  a 
larger  5  min  adherent  cell  fraction  with  an  a2(31hl/ 
CD44hl  phenotype,  we  utilized  these  cells  in  most  of 
our  assays.  An  essential  characteristic  of  TICs  is  their 
ability  to  self-renew  in  serial  plating  assays.  The 
a2(31  1/CD44hi  DU145  cells  formed  significantly  more 
single  cell-derived  spheroids  as  compared  to  a2(31low/ 
CD44low  cells.  Moreover,  spheroids  formed  from 
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Fig.  2.  Collagen-adherent  cells  are  enriched  in  putativeTICs.  A:  Mean  percentage  of  cells  with  a2(3  lhl/CD44hl  phenotype  in  PCa  cell  lines. 
B:  Time-of-adherence  assay  performed  on  multiple  PCa  cell  lines  displaying  the  5  min  adherent  cell  fraction  as  a  percentage  of  total  cells. 
Data  represent  three  independent  experiments  performed  in  triplicates.  C:  Flow  cytometric  analyses  of  DU  145  and  PC3  cells  after  collagen 
adherence  showing  both  increased  expression  of  CD44  and  CDI33  in  the  5  min  (5')  adherent  cells  compared  to  the  20  min  (20')  non-adherent 
cells,  and  higher  mean  fluorescence  intensity  (MFI)  of  5  min  collagen  l-adherent  (a2(3  lhl/CD44hl)  cells  (Adherent)  compared  to  20  min  non-ad¬ 
herent  (a2p  llow/CD44low)  cells  (Non-adherent),  and  IgG  control  (IgG).  D:  CDI33  expression  in  various  subsets  of  DUI45  and  PC3  cells.  In  a 
representative  experiment,  a2(3  lhl/CD44hl  (pink)  showed  0.1%  and  0.01%  of  the  cells  positive  for  CDI33  from  DUI45  and  PC3  cells  respective¬ 
ly,  and  spheroids  from  these  a2(3  lhl/CD44hl  cells  (green)  showed  upregulated  CDI33  levels  up  to  5.22%  in  DUI45  cells  and  0.083%  in  PC3  cells 
(P  <0.001  for  both  cell  lines  in  three  independent  experiments).  E:  Primary  prostate  cancer  cells  have  increased  expression  of  CD44  and 
CDI33  in  the  5  min  adherent  cells  compared  to  the  20  min  non-adherent  cells.  Mean  percentages  from  analyses  of  sixcases  are  displayed.  Higher 
expression  of  a2(3l/CD44  and  upregulation  of  CDI33  when  cells  are  grown  as  spheres  were  detected  in  the  5  min  adherent  cells  compared 
to  the  20  min  non-adherent  cells,  and  were  seen  with  all  six  patient  samples  examined. 
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Fig.  3.  Tumorigenic  potential  of  collagen-adherent  a2(3  lhl/CD44hl  cells.  A:The  two  fractions  of  a2(3  lhl/CD44hl  cells  and  a2|3  llow/CD44low 
cells  isolated  after  collagen  adherence  were  assessed  in  colony  forming  efficiency  assays.  Images  on  the  left  demonstrate  colonies  derived 
from  both  fractions  stained  with  crystal  violet.  Numbers  of  spheroid  colonies,  migrating,  and  invading  cells  are  displayed  as  mean  ±  SD,  and 
were  done  in  triplicates.  Self-renewal  and  in  vitro  tumorigenic  potential  of  collagen-adherent  a2(3  lhl/CD44hl  DUI45  cells  are  shown.  Bars  dem¬ 
onstrate  the  enhanced  clonogenic  ability  of  a2(3  lhl/CD44hl  cells  compared  to  a2(3 1  low/CD44low  cells.The  two  fractions  of  a2(3 1  hl/CD44hl  cells 
and  a2p  llow/CD44low  DU  145  cells  isolated  after  collagen  adherence  were  assessed  for  numbers  of  migrating  cells.  Data  are  displayed  as  mean 
±  SD,  and  were  done  in  triplicates  (*P  <  0.001).  B:  Both  flanks  of  athymic  nude  (NCInu/nu)  mice  were  injected  with  either  total  DUI45  cells 
(■),  5  min  adherent  cells  (#),  or  20  min  non-adherent  cells  (A)  (n  =  60  mice).  Mean  tumor  growth  rates  are  presented  as  mm3/day  ±  SD.C: 
The  mean  tumor  volume  was  plotted  as  a  function  of  time  using  the  ellipsoid  volume  formula  (length  x  width2  x  1/2),  assuming  tt  =  3.P  values 
shown  are  compared  with  total  DUI45  tumors.  D,E:  Self-renewal  and  in  vitro  tumorigenic  potential  of  collagen-adherent  a2(3  lhl/CD44hl 
PC3,  LnCap  and  CWR22  PCa  cells.  D:  Bars  demonstrate  the  enhanced  clonogenic  ability  of  a2(3  lhl/CD44hl  cells  compared  to  a2(3llow/ 
CD44low  PC3  and  CWR22  cells.  E:The  two  fractions  of  a2(3  lhi/CD44hi  cells  and  a2p  llow/CD44low  PC3,  LnCap  and  CWR22  cells  isolated  after 
collagen  adherence  were  assessed  for  numbers  of  migrating  cells.  Data  are  displayed  as  mean  ±  SD,  and  were  done  in  triplicates  (*P  <  0.001). 


a2(31low/CD44low  DU145  cells  were  fewer  after  day  5, 
and  stopped  growing  after  day  9  (Supplementary 
Fig.  S3A  and  B)  suggesting  that  these  cells  lack  self¬ 
renewal  abilities.  To  assess  self-renewal  at  an  earlier 
time  point  of  sphere  formation,  single  cells  derived 
from  day  7-primary  spheroids  were  replated  for 


secondary  spheroid  formation.  Once  again,  a2(31hl/ 
CD44hl  DU145  cells  generated  significantly  more 
spheroids  than  a2(31low/CD44low  cells  (Supplementary 
Fig.  S3C).  Therefore,  the  a2plhi/CD44Ai  PCa  cells 
exhibit  enhanced  tumorigenic,  invasive,  and  self¬ 
renewal  abilities. 
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Adherent  Cells  Are  Resistant  to  Commonly  Used 
Chemotherapeutic  Drugs 

Breast  TICs  were  shown  to  be  resistant  to  chemo¬ 
therapies  [34].  Since  we  isolated  putative  prostate  TICs 
by  collagen  adherence,  we  hypothesized  that  treat¬ 
ment  with  drugs  that  target  TICs  would  reduce  the 
number  of  cells  adhering  to  collagen  I.  Hence,  we 
performed  the  collagen  adherence  assay  upon  treat¬ 
ment  with  chemotherapies  commonly  used  for  PCa  at 
IC50s  established  by  MTS  assays  (Supplementary  Fig. 
S3D).  Indeed,  the  number  of  DU145  collagen-adherent 
cells  was  not  affected  by  chemotherapy  treatments, 
and  on  the  contrary  increased  with  methotrexate  and 
carboplatin  (Supplementary  Fig.  S3E)  suggesting  that 
these  mainstream  clinically  used  chemotherapeutic 
agents  might  increase  the  percentage  of  putative  TICs. 

Tumor  Initiation  in  Nude  Mice 

An  essential  property  of  TICs  is  their  ability  to 
initiate  tumor  growth  in  immune-compromised  mice 
with  limited  cell  numbers.  We  tested  whether  the 
5  min  adherent  DU145  cells  are  more  tumorigenic  than 
the  non-adherent  fraction.  Cells  were  injected  SC  in 
the  abdominal  flanks  of  nude  mice.  Tumors  were 
analyzed  by  three  variables:  tumor  incidence,  tumor 
growth  rate  (mm3 /day),  and  final  tumor  volume 
(mm3;  Fig.  3B  and  C).  Only  17%  of  mice  (n  =  3/20) 
injected  with  non-adherent  cells  developed  tumors, 
while  nearly  all  mice  injected  with  either  adherent 
(n=  18/20;  90%)  or  total  DU145  cells  (n=  17/20;  85%) 
developed  tumors.  Mice  injected  with  adherent  cells 
developed  tumors  as  early  as  15  days  post-transplan¬ 
tation,  compared  to  day  35  for  mice  injected  with  the 
same  cell  dose  of  one  million  total  DU145  cells.  In  an 
additional  experiment,  injection  of  only  1,000  adherent 
cells  resulted  in  tumor  formation  and  tumor  volumes 
that  were  significantly  larger  than  those  generated  by 
injections  of  one  million  total  DU145  cells  (data  not 
shown).  After  50  days  of  growth,  adherent  DU145 
tumors  reached  an  average  final  volume  of  867  mm3. 
This  was  significantly  larger  than  non-adherent  and 
total  DU145  tumors  (Fig.  3B  and  C),  which  reached 
final  volumes  of  126  and  338  mm3,  with  P  values  of 
0.0006  and  0.0001,  respectively  when  compared  with 
adherent  cell  tumors.  Thus,  the  adherent  a2|31hl/ 
CD44hl  DU145  cells  are  more  tumorigenic  in  mice. 


Evaluation  of  ProstateTICs  In  Vivo  in  Zebrafish 
Xenografts 

To  generate  a  PCa  xenograft  model  in  zebrafish  for 
studying  TICs,  we  employed  a  collagen  adherence,  cell 


sorting,  and  QD  labeling  strategy.  Cells  from  PCa  cell 
lines  and  primary  samples  were  QD  labeled  at  near- 
100%  efficiency  (Fig.  4A  and  B).  QD-labeled  PCa  cells, 
but  not  normal  prostate  epithelial  cells,  engrafted 
robustly  in  the  pre-immune  zebrafish  embryos,  and 
histological  analyses  demonstrated  cells  migrating  to 
distal  sites  in  zebrafish  including  muscle  regions 
(Fig.  4C  and  D).  Embryos  with  xenografts  from  the 
5  min  adherent  a2|31hi/CD44hl  PCa  cells  displayed 
significantly  shorter  survival  rates,  and  rapid  death 
from  tumor  burden  with  a  median  survival  of 
100  ±  19  hr  post-transplant  (hpt),  compared  to  median 
survivals  of  108  ±  10  hpt  and  186  ±23  hpt  for  the 
parental  DU145  and  the  a2(31low/CD44low  cells,  re- 
spectively  (Fig.  4E)  (n  =  200  embryo/group,  P  <  0.001). 
Similar  data  were  obtained  from  PC3,  CWR22  and 
LNCap  cells  (Fig.  4E)  as  well  as  primary  PCa  cells  (see 
below).  The  maximum  tolerated  cell  doses  for  DU145, 
PC3,  and  primary  PCa  cell  transplants  ranged  from  0.4 
to  2  x  103  cells,  which  resulted  in  death  from  general¬ 
ized  tumor  burden  at  2-5  dpt  with  PCa  cells  but  not 
with  immortalized  normal  prostate  epithelial  cells 
(RWPE-1)  (Fig.  4E).  QD-labeled  parental  cells,  a2pihi/ 
CD44hl  cells  sorted  from  5  min  adherent  cells,  and 
a2pilow/CD44low  cells  sorted  from  20  min  non-adher¬ 
ent  cells  were  transplanted  at  limiting  dilution  with 
cell  doses  from  1  x  103  to  3  cells  either  SC  to  allow  for 
tumor  cell  dissemination  or  into  the  yolk  of  48-hpf 
zebrafish  embryos.  We  sorted  embryos  post-injection 
to  ensure  the  placement  and  number  of  labeled  cells, 
and  grew  the  selected  embryos  at  33°C. 

Transplanted  cells  and  tumor  growth  were  traceable 
in  vivo  in  living  fish  (Fig.  5A).  QD-labeled  primary 
PCa  cells  (Fig.  5 A)  or  DU145  cells  (Fig.  5B-E)  devel¬ 
oped  xenografts  in  zebrafish  embryos.  DU145  cells 
injected  SC  formed  localized  tumor  xenografts  at  4  dpt 
(Fig.  5B)  that  frequently  migrated  throughout  the 
zebrafish  muscle  tissues,  and  often  spread  causing 
brain  metastasis  (Fig.  5D  and  E,  left  arrow),  exophthal- 
mus  (Fig.  5D,  arrowheads;  Supplementary  Table  SI), 
and  death  from  disseminated  tumor  burden  within 
9  dpt.  Cells  in  xenografts  derived  from  adherent 
a2|31hi/CD44hi  (TICs)  disseminated  to  the  brain  region 
of  zebrafish  embryos,  and  were  detected  using  IHC 
with  the  human-specific  CD44  isoform  (Fig.  51).  The 
overall  rates  of  tumor  formation  from  DU145  cells 
injected  SC  and  in  the  yolk  of  embryonic  zebrafish 
were  35.6%  (n  =  57/160)  for  parental  cells,  12.8% 
(n  =  22/171)  for  a2|31low/CD44low  non-adherent  (non- 
TICs)  cells,  but  significantly  higher  at  58.7%  (n  =  98/ 
167)  for  adherent  a2plhi/CD44hi  (TICs)  cells 
(P<  0.001;  Supplementary  Table  SI).  SC  injections 
yielded  an  overall  higher  tumor  formation  rates  than 
yolk  transplants  (Supplementary  Table  SI).  Dissemi¬ 
nated  colonies  of  QD-labeled  cells  at  >5  distant  sites 
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Fig.  4.  Zebrafish  xenografts  of  human  prostate  cancer  cells.  A-D:  Bright  filed  image  in  (A),  and  the  corresponding  red  (605)  fluorescent 
image  in  (B)  demonstrating  efficient  labeling  of  DUI45  cells  with  quantum  dots-605  (QD)  in  nearly  all  the  cells  in  the  field.  C,D:  Histological 
H&E  sections  from  a  control  non-transplanted  zebrafish  muscle  tissues  in  (C),  compared  to  a  muscle  section  from  DUI45  TICs  transplanted 
fish  in  (D).  Section  demonstrates  tumor  infiltrates  with  cells  resembling  morphology  of  DUI45  cells  in  fish  tissues.  Scale  bar  is  100  |jlM  in  (A- 
D).  E :  Kaplan-Meier  survival  curve  of  embryos  transplanted  with  normal  prostate  cells  and  multiple  PCa  cells  lines  using  three  fractions;  pa¬ 
rental  (blue),  5'  adherent  a2|3  lhl/CD44hl  cells  (TICs;  red),  and  20  min  non-adherent  a2(3  llow/CD44low  (green)  cells.  Embryos  transplanted 
with  cancer  cells  had  significantly  shorter  survival  rates  compared  to  normal  prostate  cells  due  to  the  rapid  development  of  disseminated 
tumors.TheTICs  fraction  induced  significantly  higher  mortality  rates  from  tumor  growth  with  DUI45,  PC3,  and  CWR22  but  not  LnCap  cells 
when  compared  to  parental  and  non-TICs  transplants. 


were  identified  at  a  significantly  higher  frequencies  in 
xenografts  from  TICs  than  from  parental  or  non-TICs. 
Dissemination  rates  of  SC  or  into  yolk  injections  were 
69%,  39%  in  10-parental-cell-,  and  26%,  29%  in  3- 
parental-cell-transplants,  were  21%,  9%  in  10-cell-non- 
TICs  and  17%,  10%  for  3-cell-non-TICs  transplants, 
and  were  80%,  55%  for  10-TIC,  and  49%,  52%  for  3- 
TlC-transplants  (Supplementary  Table  SI).  Similar 
results  were  obtained  with  PC3,  CWR22,  LNCap  PCa 


cells.  Moreover,  PC3  adherent  a2|31low/CD44low  cells 
showed  a  significantly  higher  tumor  initiation  poten¬ 
tial  than  PC3  non-TICs  (Supplementary  Table  SII), 
suggesting  that  collagen  adhesion  might  enrich  for 
TICs  with  added  phenotypes  to  a2(31/CD44  expres¬ 
sion. 

We  next  isolated  TICs  from  primary  PCa  to  examine 
their  ability  to  initiate  zebrafish  xenografts  similar  to 
PCa  cell  lines.  PCa  used  were  diagnosed  based  on 


The  Prostate 


10  Bansaletal. 


A  Xenograft  Day  2  Day  4  Day  6  Day  8 


1*  PCa  FFPE  tissue  Zebraffsh  xenografts  of  1"  PCa 


2" 

1®  tumor 

1*  graft  take 

n<%) 

T  graft  taka 

• 

#2 

21/25(84) 

18/23  (70) 

#3 

14/16(87) 

14/16(70) 

#6 

10/23(7 8} 

22/25  (06) 

Fig.  5.  Prostate  cancer  xenograft  tumor  progression  in  zebrafish.  A:  QD  605  red  fluorescent  image  of  the  site  of  injection  on  the  left  taken 
on  the  same  day  of  transplanting  primary  PCa  cells  SC  in  zebrafish  embryos.  Red  and  bright  image  overlays  represent  sequential  imaging  of 
the  same  xenograft  embryo  over  time  during  8  days  of  tumor  growth.  From  day  2,  notice  the  two  sites  that  are  outlined  with  tumor  cells  la¬ 
beled  with  QD.  Tumor  growth  increases  progressively  while  fluorescence  decreases  due  to  QD  dilution  with  cell  division.  B-E:  Sections 
from  control  and  PCa  xenografts  with  brain  metastasis  (D-E).  Images  were  taken  at  9  dpt.  Downward  arrows  indicate  the  site  of  SC  trans¬ 
plantation.  Upward  arrows  in  (D  and  E)  on  the  left  indicate  cell  masses  invading  the  brain  and  causing  exophthalmus  (arrowheads  in  D,  compare 
with  no  brain  metastasis  in  B).  F-K:  H&E  staining  (F  and  H)  and  IHC  with  anti-human  CD44  (G  and  I)  in  a  representative  control  untrans¬ 
planted  embryo  (F-G)  compared  to  histological  sections  from  a  representative  xenotransplanted  embryo  (H-l)  with  brain  metastasis  stained 
with  H&E  (H)  and  IHC  staining  of  the  same  brain  region  containing  disseminated  human  cells  identified  with  the  human  isoform-specific 
anti-CD44  antibody  (Inset;  H  and  I).  Letters  indicate  e,  eye;  b,  brain;  m,  muscle;  y,  yolk.  Insets  in  panels  (G)  and  (I)  are  higher  magnification  of 
the  outlined  brain  areas,  respectively.  J:  Formalin  fixed  paraffin  embedded  (FFPE)  sections  from  a  representative  primary  prostate  cancer 
(PCa)  tissue  used  that  are  stained  with  H&E,  or  in  IHC  with  either  Ergor  AMACR  in  brown. The  H&E  image  in  (J)  is  a  higher  magnification  of 
the  outlined  areas  in  Supplementary  Figure  S4C,  whileThe  Erg  and  AMACR  images  in  (J)  are  higher  magnifications  of  the  outlined  areas  in 
Supplementary  Figure  S6H  and  F,  respectively.  K:  Sections  from  zebrafish  embryo  with  PCa  xenograft  using  cells  from  tissues  shown  in  (K)  and 
stained  with  H&E,  and  IHC  for  Erg  and  AMACR.  Insets  are  higher  magnification  of  the  outlined  area  in  (K).  L:  Diagram  demonstrating  strategy 
to  study  tumor  initiation  potential  of  primary  PCa  cell  grafts  in  secondary  xenografts. TICs  from  the  5  min  adherent  a2(3  lhl/CD44hl  cells  of 
three  patient  samples  #2,  #3,  and  #6  were  transplanted  to  generate  primary  xenografts  (I).  Xenograft  tumor  areas  were  dissected,  pooled, 
and  TICs  were  sorted  and  injected  into  secondary  recipients. Table  on  the  right  demonstrates  primary  and  secondary  graft  take  rates.  Scale 
bars  are  100  |jim  in  (B-E),  (F-J),and  (N-K). 
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histological  examination  of  H&E  stained  slides  (Sup¬ 
plementary  Fig.  S4).  To  confirm  that  zebrafish  xeno¬ 
grafts  were  derived  from  PCa  cells  and  not  from 
benign  or  normal  epithelial  cells,  we  utilized  the 
expression  of  AMACR  and  overexpression  of  Erg  as 
PCa-specific  biomarkers  [14].  We  first  optimized  the 
detection  of  Erg  and  AMACR  by  IHC  in  PCa  tissues 
(Supplementary  Fig.  S5).  We  then  identified  primary 
PCa  cells  harboring  ERG  gene  rearrangements  deter¬ 
mined  by  interphase  FISH  (Supplementary  Fig.  S6), 
and  examined  Erg  expression  in  the  mirror  sections  of 
sampled  PCa  tissue  and  after  formation  of  fish 
xenografts. 

Indeed,  tumor  cells  in  the  mirror  section  (Fig.  5J, 
and  Supplementary  Figs.  S5  and  S6)  and  zebrafish 
xenografts  (Fig.  5K)  showed  strong  immunoreactivity 
with  antibodies  against  AMACR  and  Erg,  suggesting 
that  these  zebrafish  xenografts  are  derived  from  PCa 
cells.  Further  analysis  of  human  PCa  cells  in  xenografts 
derived  from  adherent  a2|31hl/CD44hl  (TICs)  that 
frequently  disseminated  to  the  brain  region  of  zebra¬ 
fish  embryos  (Fig.  5H-I),  or  migrated  to  the  tail 
(Supplementary  Fig.  S7A-D)  demonstrated  that  many 
(but  not  all)  of  these  cells  were  positive  for  CD44 
expression  (evidence  for  formation  of  CD44-  cells,  or 
CD44  plasticity),  and  demonstrated  features  of  poten¬ 
tial  cell  differentiation  including  the  expression  of 
CK8/18  (Supplementary  Fig.  S7C  and  D),  a  clinical 
marker  used  to  identify  luminal  and/or  intermediate 
PCa  cells.  Furthermore,  IHC  analyses  of  xenografts 
from  primary  PCa  cells  demonstrated  that  cells  in 
these  xenografts  coexpress  the  prostate-specific  marker 
PSA  and  the  human-specific  CD44  isoform  (Supple¬ 
mentary  Fig.  S7E-H). 

Importantly,  to  examine  if  TICs  derived  from  zebra¬ 
fish  xenografts  of  primary  PCa  retain  their  abilities  for 
serial  tumor  transplantation,  we  sorted  labeled  tumor 
cells  from  primary  fish  xenografts,  and  used  them  for 
secondary  xenografts  (Fig.  5L).  TICs  from  primary 
grafts  were  able  to  initiate  secondary  xenografts  in 
81.8%  of  cases  (n  =  54/66  secondary  xenograft  embryo 
from  three  patient  samples).  Thus,  PCa  xenografts  in 
zebrafish  are  derived  from  TICs  that  can  retain 
genotypic  and  phenotypic  features,  some  differentia¬ 
tion  potential,  and  serial  tumor  transplantation  ability 
of  human  PCa  cells,  and  similar  to  mouse  xenografts, 
the  a2|31hl/CD44hl  cells  are  more  tumorigenic  in 
zebrafish  embryos. 

Assessing  the  Frequencies  of  ProstateTumor- 
Initiating  Cells  Using  Zebrafish  Xenografts 

TIC  frequency  of  human  PCa  cells  in  zebrafish 
xenografts  were  determined  using  ELDA  [29]  (Supple¬ 
mentary  Fig.  S8)  from  SC  transplantation  of  parental. 


5  min  adherent  a2(31hl/CD44hl  cells,  and  20  min  non¬ 
adherent  a2pilow/CD44low  cells  in  limiting  dilutions. 
Self-renewing  TICs  were  found  to  be  abundant,  and 
comprised  0.3-1. 3%  of  DU145  cells  (Supplementary 
Fig.  S8)  and  0.02-0.9%  of  PC3  cells. 

We  also  isolated  the  5  min  adherent  a2pihl/CD44hi" 
cells  (TICs)  from  six  primary  PCa  patients  (Table  I) 
from  prostatectomies,  and  examined  their  tumor  initi¬ 
ation  potential  in  zebrafish  xenografts.  TICs  from 
primary  PCa  tissues  engrafted  robustly  in  the  pre- 
immune  zebrafish  embryos  at  rates  higher  than  that  of 
PCa  cell  lines  (Supplementary  Table  Sill).  Self-renew¬ 
ing  TICs  from  primary  tumors  varied  from  scarce  to 
widely  abundant  compared  to  PCa  cell  lines,  and 
comprised  0.22%  (1/456)  to  14.3%  (1/7)  of  primary 
PCa  cells  (Table  I). 

To  study  whether  the  tumorigenic  ability  of  prostate 
TICs  in  zebrafish  is  restricted  to  transplants  in  the 
immune-tolerant  embryonic  microenvironment,  we 
used  prednisone-conditioned  juvenile  transparent 
Casper  [18]  zebrafish  as  recipients.  DU145  parental 
cells,  5  min  adherent  a2(31hl/CD44hl  cells,  and  20  min 
non-adherent  a2pilow/CD44low  cells  were  trans¬ 
planted,  and  fish  were  monitored  at  33°C.  Prostate 
TICs  injected  SC  initiated  visible  tumors  in  juvenile 
fish  after  an  average  of  13  days  (Supplementary 
Fig.  S9),  and  then  invaded  both  local  and  remote 
tissues  by  day  28  (Supplementary  Fig.  S9C).  Histologi¬ 
cal  analyses  of  tumor  masses  demonstrate  cells  with 
engrafted  DU145  morphology  (Inset  in  Supplementary 
Fig.  S9B).  Whether  injected  SC  in  the  tail  region 
(Supplementary  Fig.  S9B  and  C),  or  IP  (Supplementary 
Fig.  S9D  and  E),  tumors  from  parental  and  TIC  DU145 
cells  disseminated  to  distal  sites  (Supplementary 
Table  SIV).  The  overall  rates  of  tumor  dissemination  of 
10-500  DU145  cells  injected  SC  and  IP  in  conditioned 
juvenile  fish  were  77.8%  (n  =  14/18)  with  parental 
cells,  22.2%  (n  =  4/18)  with  Non-TICs,  and  88.8% 
(n  =  16/18)  with  TICs  (Supplementary  Table  SIV). 
Importantly,  benign  prostate  epithelial  cells  survived 
but  failed  to  initiate  tumors  in  zebrafish  (Supplementa¬ 
ry  Table  SI).  Collectively,  these  data  suggest  that  5  min 
adherent  a2pihi/CD44hl  TICs  derived  from  PCa  cell 
lines  and  primary  PCa  cells  are  more  tumorigenic  in 
zebrafish  xenografts. 

DISCUSSION 

The  presence  of  distinct  subpopulations  of  TICs  in 
solid  tumors  has  proved  contentious  [35,36].  However, 
the  evidence  for  a  central  role  of  TICs  in  tumor  growth 
has  most  recently  been  solidified  by  lineage  tracing 
studies  in  mice  [5-7].  We  examined  the  expression  of 
stem  cell  markers  in  multiple  PCa  cell  lines,  and  found 
PCa  TICs  to  have  increased  expression  of  a2|31- 
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integrin  and  CD44.  We  confirmed  that  TICs  derived 
from  primary  PCa  tissues  shared  identical  properties. 
We  performed  several  functional  assays  including 
colony  and  serial  spheroid  formation,  migration,  and 
invasion  assays,  and  tumor  xenograft  studies.  We 
demonstrate  that  a2|31hl/CD44hi  cells  robustly  adhere 
to  collagen,  elevate  CD133  reflecting  increased  abilities 
to  initiate  serially  passageable  spheres  when  grown  as 
spheroids,  are  able  to  self-renew  as  single  cells  in  serial 
spheroid  assays,  and  have  enhanced  tumor  initiation 
abilities  in  mice  and  zebrafish.  We  identified  the 
rapidly  adherent  a2|31hl/CD44hl  subfraction  to  consis¬ 
tently  contain  prostate  TICs  independent  of  CD133 
expression  among  all  PCa  cells  that  we  have  exam¬ 
ined.  Previous  studies  provided  strong  evidence  for 
CD133  as  a  prostate  TIC  marker  [37,38].  Similarly,  we 
have  shown  here  that  CD133  expression  is  elevated  in 
prostate  spheres.  However,  other  studies  in  PCa  and 
other  cancers  showed  tumor  initiation  independent  of 
CD133  expression  [39-42].  The  apparent  inconsistency 
of  CD133  expression  in  prostate  TICs  likely  reflects 
tumor  heterogeneity,  marker  plasticity  in  response  to 
changes  in  the  niche  during  PCa  clonal  evolution,  its 
minute  levels  (^0.01%),  and  the  necessity  for  correct 
CD133  glycosylation  and  protein  folding  for  precise 
marking  of  stem  cells  [43]. 

Tumor  cells  that  possess  substantial  replicative 
ability  might  be  stem  cell-like  cells  with  self-renewing 
abilities,  or  mutated  transit-amplifying  cells  without 
self-renewal  capacity  [44-46],  and  the  self-renewal 
states  might  evolve  during  the  clonal  selection 
process  [46].  Multiple  molecular  pathways  regulate 
the  biology  of  stem  cells  and  self-renewal  features,  and 
are  therefore  potential  targets  in  TICs  [47].  Among 
these  reticulate  pathways  are  Bmi-1,  Oct3/4,  Hedge¬ 
hog  (Hh),  Wnt/  (3-catenin,  Notch  signaling,  Hox  gene 
family,  PTEN/Akt  pathway,  efflux  transporters  such 
as  ABCG  markers  of  self-renewal,  and  upregulated 
telomerase  activity  [48].  Studies  suggest  that  Bmi-1  is 
necessary  for  Hh-  [49],  and  |3-catenin-mediated  self¬ 
renewal  [50]  making  Bmi-1  one  of  the  most  critical 
self-renewal  targets.  Thus,  the  zebrafish  xenograft 
model  of  tumor  initiation  that  we  developed  might 
help  to  identify  inhibitors  targeting  these  critical  self¬ 
renewal  pathways. 

Self-renewal  is  likely  a  dynamic  feature  by  which 
cancer  cells  respond  to  changes  in  the  microenviron¬ 
ment.  Accordingly,  the  relative  frequency  of  TICs  is 
likely  to  vary  between  experimental  systems  utilizing 
distinct  readouts,  microenvironments,  and  tumor 
types.  We  have  utilized  ELD  A,  rather  than  LDA  to 
determine  TIC  frequencies,  since  ELDA  have  the 
capacity  to  calculate  frequencies  for  stem  cell  subpo¬ 
pulations  that  produce  0%  or  100%  tumor  engraftment 
[29].  Importantly,  we  have  used  zebrafish  embryos  to 


develop  rapid  xenografts  of  primary  PCa  cells  (within 
12  days),  and  to  determine  that  the  frequencies  of  self- 
renewing  primary  PCa  cells  are  more  abundant  in  the 
immune-permissive  zebrafish  embryonic  microenvi¬ 
ronment.  Our  data  provide  further  evidence  for  an 
inverse  relationship  between  the  TIC  frequency  and 
immune  competency  of  the  xenograft  recipient  [51], 
and  highlight  the  importance  of  developing  better 
xenograft  models. 

Since  primary  PCa  cells  are  difficult  to  propagate  in 
mouse  xenografts,  an  approach  that  is  recently 
adapted  in  order  to  increase  survival  of  primary 
prostate  xenografts  is  tissue  recombination  of  primary 
PCa  cells  with  inductive  stroma  [52]  by  utilizing 
neonatal  mouse  mesenchyme  [53].  It  is  increasingly 
critical  to  determine  if  coculture  with  embryonic 
heterologous  stromal  component  that  promotes  epi¬ 
thelial  proliferation  and  differentiation  alters  the  TIC 
properties  of  adult  prostate  epithelial  progenitors  [54]. 
Human  PCa  cells  retained  many  of  their  phenotypic, 
differentiation,  and  serial  transplantation  features,  and 
displayed  metastatic  dissemination  behavior  in  zebra¬ 
fish.  Thus,  zebrafish  xenografts  recapitulate  a  broad 
spectrum  of  engrafted  PCa  cell  biology  and  dissemina¬ 
tion  behavior,  and  may  be  developed  to  screen  for 
small-molecule  inhibitors  that  target  self-renewal  to 
control  progression  and  recurrence  of  multiple  can¬ 
cers. 
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SUPPORTING  INFORMATION 

Additional  supporting  information  may  be  found  in  the 
online  version  of  this  article  at  the  publisher's  web-site. 
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SUPPLEMENTARY  DATA 

Enrichment  of  human  prostate  cancer  cells  with  tumor  initiating  properties  in  mouse  and  zebrafish 
xenografts  by  differential  adhesion 

Nitu  Bansal,  Stephani  Davis,  Irina  Tereshchenko,  Tulin  Budak-Alpdogan,  Hua  Zhong,  Mark  N.  Stein,  Isaac  Yi 
Kim,  Robert  S.  DiPaola,  Joseph  R.  Bertino,  Hatem  E.  Sabaawy 


SUPPLEMENTARY  METHODS 

Cell  Culture,  prostate  spheres,  colony  formation,  migration,  and  invasion  assays 

Prostate  cancer  cells  Dul45,  PC3,  CWR22  and  LnCap  cells  were  generated  from  stocks  maintained  at  CINJ,  and  were 
originally  purchased  from  ATCC.  Cells  were  cultured  at  low  passage  numbers  in  RPMI  media  (GIBCO)  supplemented 
with  10%  fetal  bovine  serum  (FBS),  and  1%  penicillin-streptomycin.  For  all  the  attachment  experiments,  early  passage 
cells  were  used.  For  colony  forming  and  clonogenic  assays,  200  prostate  cancer  cells  were  plated  in  6-well  plates.  After  2 
weeks,  the  plates  were  washed  in  lx  PBS,  and  cells  were  stained  with  crystal  violet.  Colonies  of  >50  cells  were  counted. 
Prostate  spheres  were  generated  in  1%  agarose  in  keratinocyte  serum  free  media  (KSFM)  media.  The  spheroids  grown  on 
1%  agarose  were  cultured  in  KSFM  supplemented  with  epidermal  growth  factor  (EGF),  basic  fibroblast  growth  factor 
(bFGF),  and  bovine  pituitary  extract  (All  from  Invitrogen)  (1).  Collagen-I-adherent  cells  at  5  minutes,  and  non-adherent 
cells  after  20  minutes  were  suspended  at  2  x  103  cells/well  in  KSFM  media.  Every  3  days,  half  of  the  media  was  replaced, 
and  spheres  consisting  of  >50  cells  were  counted  on  day  14.  Single  cells  from  day-7  spheroids  were  used  in  secondary 
spheroid  assays.  RWPE  (normal  prostate  cells)  were  also  cultured  in  KSFM  as  recommended  by  ATCC. 

In  migration  assays,  cells  were  plated  in  0.5%  FBS  media  in  transwell  chambers  with  the  lower  chambers  contained  growth 
media  with  10%  FBS.  After  48  hrs,  cells  that  migrated  to  the  lower  surface  of  transwell  inserts  were  stained  with  crystal 
violet  and  counted.  In  invasion  assays,  cells  were  plated  on  matrigel-coated  transwell  inserts  and  assayed. 

Primary  prostate  cancer  tissue  dissociation  and  culture  of  primary  cells 

Human  primary  prostate  cancer  tissues  were  obtained  by  radical  prostatectomy  (IRB  approved).  For  isolation  of  single 
cells,  the  tissue  was  minced  into  smaller  pieces  and  incubated  for  2-4  hrs  at  37°C  in  RPMI  media  supplemented  with  10% 
FBS,  1%  Anti-anti  (Invitrogen),  200U/ml  collagenase  I  (Sigma  Aldrich,  USA),  0.5mg/ml  Dispase  II  (Stem  Cell 
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Technologies).  After  4  hrs,  the  digested  tissue  pieces  were  filtered  through  100  pm  cell  strainers  (BD  Falcon),  and 
centrifuged  at  250g  for  30  seconds.  Cell  pellets  were  then  washed  once  with  lxPBS  and  centrifuged  once  more  at  250g  for 
30  seconds.  The  final  cell  pellet  was  suspended  in  prosta  life  media  (Lifeline  Technologies)  and  plated  in  T25  flasks.  The 
media  was  changed  once  every  3  days. 

Flow  cytometry  and  cytotoxicity  assays 

Cells  obtained  after  attachment  assay  or  after  treatments  were  collected  and  washed  twice  in  lxPBS.  lx  10A6  cells  were 
then  suspended  in  lxPBS  and  stained  with  the  antibodies  conjugated  with  either  FITC  or  PE  and  APC.  After  30  mins  of 
incubation  in  dark,  cells  were  washed  with  PBS  and  suspended  in  5pl  of  7AAD.  The  cells  were  then  acquired  using  FACS 
Calibur  instrument.  Both  acquisition  and  analysis  were  done  using  Cell  Quest  software.  Antibodies  used  for  flow  were 
CD49b  (pi-Integrin)-FITC  (Millipore),  CD44-APC,  CD133-PE  and  7-AAD  (purchased  from  DB  Biosciences). 
Cytotoxicity  of  methotrexate  and  other  chemotherapies  were  assayed  following  a  3-day  exposure.  Prostate  cancer  cells  (3  x 
1 03  cells/well)  were  treated  with  multiple  concentrations  to  determine  an  IC50,  cell  growth  was  monitored  over  time  and 
resulting  cytotoxicity  was  analyzed  using  MTS  assay  (Sigma)  per  manufacturer’s  instructions. 

IHC  for  validation  of  prostate  cancer  epithelium  and  chromosomal  rearrangements 

Each  prostate  cancer  sample  was  subjected  at  diagnosis  to  histological  examination  of  the  H&E  slides  to  determine  tumor 
regions,  and  consecutively  cut  slides  from  these  core  regions  were  utilized  for  IHC  and  interphase  FISH.  For  IHC,  formalin 
fixed  paraffin-embedded  (FFPE)  tissue  samples  from  biopsies  and  xenografts  were  stained  with  selected  antibodies  using 
antigen  retrieval,  and  sections  were  scored  for  percentage  of  cells  and  intensity  on  a  0-2  scale  by  pathologists  blinded  to 
cell  fractions.  First,  the  H&E  slide  and  a-methylacyl-coenzyme-A  racemase  (AMACR)-immunostained  sections  were 
reviewed  by  qualified  pathologists.  Overexpression  of  AMACR  in  prostate  cancer  cells  was  detected  by  IHC  using  a 
monoclonal  rabbit  anti-human  P504S  antibody  (clone  13H4,  Cell  Marque).  After  tumor  regions  were  determined, 
consecutive  slides  were  included  in  FISH  analysis.  Overexpression  of  ERG  gene  in  prostate  cancer  cells  that  were 
harboring  TMPRSS2-Erg  fusion  was  detected  by  IHC  using  a  monoclonal  rabbit  anti-human  ERG  antibody  (clone  EP1 1 1, 
Dako). 
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Interphase  FISH  validation  of  rearrangements 

ERG  gene  rearrangement  was  assessed  using  a  newly  developed  break-apart  interphase  FISH  assay  optimized  from  a 
previously  described  protocol  (2)  with  modifications.  In  brief,  the  TMPRSS2-Erg  rearrangement  probes  were  optimized  to 
detect  the  deletion  between  TMPRSS2  and  ERG  at  21q22  associated  with  the  TMPRSS2-Erg  fusion  in  a  triple-color 
deletion  assay.  Optimization  included  the  incorporation  of  additional  bacterial  artificial  chromosome  (BAC)  probes  for  the 
detection  of  gene  fusions  (Irina  Tereshchenko  and  Robert  S.  DiPaola;  unpublished  data).  All  BACs  were  obtained  from  the 
BACPAC  Resource  Center  (Oakland,  CA,  USA).  DNA  probes  were  synthesized  using  5-(3-aminoallyl)-dUTP-nick 
translation  and  the  ARES  Alexa  Fluor  DNA  Labeling  Kit  (Molecular  Probes,  Invitrogen,  USA).  For  detection  of  ERG 
rearrangements  and  TMPRSS2-ERG  fusion,  we  used  the  following  probes:  RP1 1-95121  (Alexa  Fluor  555-labeled;  5'  to 
ERG),  RP1 1-476D17  (Alexa  Fluor  488-labeled;  3'  to  ERG),  and  RP1 1-35C4  (Alexa  Fluor  647-labeled;  5’  to  TMPRSS2). 
Labeled  samples  on  FISH  slides  were  scanned  using  a  confocal  microscope  (Zeiss  LSM  510  META,  lOOx  objective). 

Image  stacks  of  300  nm  z-step  size  were  captured  and  analyzed  using  Imaris  Software  (Bitplane).  At  least  50-100  nuclei 
were  evaluated  per  tissue  section,  whenever  it  was  possible. 

Extreme  Limiting  dilution  analysis  (ELD A) 

To  assess  the  number  of  self-renewing  cells  contained  within  the  bulk  of  the  primary  prostate  cancer  mass,  QD-labeled 
primary  prostate  cancer  cells  were  propagated  and  5  min  collagen-attached  a2pi17CD44hl  cells  were  isolated,  and 
introduced  SC  into  48  hpf  zebrafish  recipients  at  limiting  dilution  (1  x  103,  1  x  102,  1  x  101,  and  3  cells/embryo),  with 
purity  of  98-99%,  and  viability  95-99.9%  (n=50  embryos  injected/tumor  case).  Engraftment  was  assessed  starting  at  5  days 
post  transplantation  by  fluorescence  microscopy.  Embryos  that  showed  engraftment  at  day  5  and  latter  on  died  from 
disseminated  tumors  were  scored  positive  for  tumor  initiation.  The  TIC  frequency  was  finally  calculated  after  12  dpt  using 
linear  regression  method  completed  using  ELDA  at  http://bioinf.wehi.edu.au/cgi-bin/limdil/limdil.pl.  ELDA  have  the 
capacity  to  calculate  frequencies  for  stem  cell  subpopulations  that  produce  0%  or  100%  tumor  engraftment,  and  therefore  is 
preferred  for  calculating  tumor  initiation  from  limited  cell  numbers.  Accuracy  of  this  test  is  determined  by  correlation 
coefficient  (R2  values),  and  provided  99%  confidence  intervals  to  compare  tumor-initiating  cell  numbers  between  samples. 
To  verify  these  data,  we  have  also  used  L-Calc  statistical  software  (Stem  cell  technologies)  for  limiting  dilution  analysis 
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(LDA),  and  subsequent  analyses  provided  95%  confidence  intervals  and  t  test  statistical  values  that  distinguished  between 
the  numbers  of  TIC  from  the  three  fractions  of  cells  investigated. 
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SUPPLEMENTARY  FIGURE  LEGEND 

Supplementary  Fig  1.  Morphology  and  proliferation  of  different  collagen  adherent  fractions.  A:  Cell  proliferation  of  the 
subfractions  of  collagen  adherent  cells  during  culture  for  6  days.  B:  Light  phase  microscopic  images  of  DU145  and  PC3 
cells  after  1  and  6  days  of  culture.  Images  are  taken  at  10X  magnification.  DU145  cells  were  most  confluent  at  imaging. 

Scale  bar  is  100  pM  in  all  DU145  and  PC3  image  panels. 

Supplementary  Fig.  2.  Collagen-adherent  cells  are  enriched  in  putative  TICs.  A:  Mean  percentage  of  5'  adherent  and  20' 
non-adherent  fractions  of  cells  with  «2p  1  7CD44"  phenotype  in  PC3,  PC3  spheroids,  CWR22,  and  CWR22  spheroids. 
Data  represent  three  independent  experiments  performed  in  triplicates.  B:  Flow  cytometric  analyses  of  CWR22  and 
LnCap  cells  after  collagen  adherence  showing  higher  mean  fluorescence  intensity  (MFI)  of  5  minutes  collagen-I-adherent 
(a2pll7CD44hl)  cells  (Adherent)  compared  to  20  min-non-adherent  (a.2(31  lo7CD44low)  cells  (Non-adherent),  and  IgG 
control  (IgG).  C:  CD  133  expression  in  various  subsets  of  CWR22  cells.  In  a  representative  experiment,  0.1%  of  the  cells 
were  a2plh7CD44l7CDl  33  positive,  and  spheroids  from  these  a2pihl/CD44hl  cells  showed  upregulated  CD133  expression 
to  1.42%  (*p<0.001). 

Supplementary  Fig.  3.  Self-renewal  and  in  vitro  tumorigenic  potential  of  collagen-adherent  a2pihl/CD44hl  cells.  A:  Bars 
demonstrate  the  enhanced  ability  of  single  a2pihl/CD44hl  cells  to  form  spheroids,  compared  to  the  limited  ability  of  single 
a2pilow/CD44low  cells.  B:  Images  from  a2pilow/CD44low-derived  spheroids  that  stopped  growing  at  day  9.  Scale  bars  are 
50  pm.  C:  Quantitation  of  secondary  spheroids  from  a2pihl/CD44hl  and  a2pilow/CD44low  single  cells  derived  from 
primary  spheroids  at  day-7.  Numbers  of  spheroids  are  displayed  as  mean  ±  s.e.m,  and  were  done  in  triplicate.  D:  IC50 
concentrations  of  various  drugs  used.  IC50s  were  determined  using  MTS  assays  in  DU145  cells.  E:  DU145  cells  were 
treated  with  the  clinically  used  chemotherapy  drugs  at  IC50  concentrations.  Collagen-adherent  cells  at  5-minutes  were 
measured  using  MTS  assays.  Values  are  represented  as  mean  fold  of  5  minute-adhesion  ±  S.D.  from  three  independent 
experiments.  There  was  a  lack  of  significant  inhibition  of  5  min-adhesion  in  cells  treated  with  taxotere  and  cisplatinum  (# 
p>0.05),  a  non-significant  increase  in  adhesion  with  doxorubicin  (A  p>0.05),  and  a  statistically  significant  increase  in 
adhesion  with  methotrexate  and  carboplatinum  (*  p<0.05)  suggesting  resistance. 
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Supplementary  Fig  4.  Diagnostic  images  of  prostate  cancers  based  on  histological  H&E  examination.  A-F:  Formalin 
fixed  paraffin  embedded  (FFPE)  sections  from  two  representative  primary  prostate  cancer  (PCa)  tissues  used  for 
generating  zebrafish  xenografts.  Sections  of  PCa  tissues  from  patient  #5  (A-C)  and  patient  #6  (D-F)  were  stained  with 
H&E,  and  imaged.  The  H&E  images  in  B-C  and  E-F  are  higher  magnifications  of  the  outlined  areas  in  A  and  D, 
respectively.  Inset  in  F  is  a  500X  magnification  of  the  outlined  area  in  the  same  panel.  An  H&E  image  in  the  main  figures 
(Fig.  5J)  represents  a  500X  magnification  of  the  outlined  area  (*)  in  this  supplementary  Fig.4C  from  same  patient’s  tissue. 

Supplementary  Fig  5.  Expression  of  Erg  and  AMACR  in  primary  PCa  tissues.  FFPE  sections  from  primary  PCa  tissues 
were  used  to  detect  the  overexpression  of  both  Erg,  due  to  the  presence  of  TMPRESS2:Erg  fusions,  and  AMACR  proteins 
in  PCa  cells  by  IHC.  A-D:  Two  representative  cases  of  PCa  cells  that  are  either  negative  (A-B)  or  positive  (C-D)  for  Erg 
expression  in  brown.  Notice  that  in  both  cases,  endothelial  cells  demonstrated  a  strongly  positive  Erg  expression  (arrow), 
and  were  used  as  an  internal  positive  control.  The  images  in  B  and  D  are  higher  magnifications  of  the  outlined  areas  in  A 
and  C,  respectively.  E-H:  Two  representative  cases  of  PCa  cells  that  are  positive  for  AMACR  expression.  The  sections  in 
(G-H)  are  from  the  same  tissues  that  are  positive  for  Erg  expression  in  (C-D),  therefore,  Erg  overexpression  correlates 
with  AMACR  expression  in  these  PCa  cells  that  harbor  the  TMPRESS-Erg  fusion.  AMARC  expression  either  in  brown 
(E-F)  or  in  red  (G-H)  was  detected  as  a  strong  cytoplasmic  granular  staining.  The  images  in  F  and  H  are  higher 
magnifications  of  the  outlined  areas  in  E  and  G,  respectively.  An  AMACR  IHC  image  in  the  main  figures  (Fig.  5J) 
represents  a  higher  magnification  of  the  outlined  area  (*)  in  this  supplementary  Fig.5F  from  the  same  patient’s  tissue. 

I-J:  Dual  IHC  for  Erg  and  AMACR  expression  in  a  section  from  a  PCa  patient  with  no  known  TMPRSS:Erg  fusions.  The 
sections  in  (I-J)  are  from  the  same  tissues  that  are  negative  for  Erg  expression  in  (A-B),  therefore,  AMACR  expression 
may  be  used  to  identify  PCa  cells  that  do  not  express  Erg  when  these  PCa  cells  do  not  harbor  the  TMPRESS-Erg  fusion. 
Notice  that  endothelial  cells  demonstrated  a  strongly  positive  Erg  expression  (arrow),  and  were  used  as  an  internal 
positive  control. 

Supplementary  Fig  6.  Expression  of  Erg  and  AMACR  in  primary  PCa  cells  harboring  the  TMPRESS-Erg  fusion  and 
were  used  to  generate  zebrafish  xenografts  of  primary  PCa  cells.  A-F :  Control  sections  from  primary  PCa  tissues  known 
to  overexpress  Erg,  due  to  the  presence  of  TMPRESS2:Erg  fusion.  A:  H&E.  B:  Erg  overexpression.  C:  AMACR 
overexpression.  D-E:  Dual  Erg/ AMACR  expression  in  PCa  cells  by  IHC.  The  image  in  E  is  a  higher  magnification  of  the 
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outlined  area  in  D.  F:  Multicolor  interphase  FISH  on  cells  from  the  same  patient  tissues  in  A-E  demonstrating 
TMPRESS:Erg  rearrangements.  The  translocation  is  demonstrated  through  split  of  red  and  green  signals  representing  the 
rearranged  ERG  allele,  while  juxtaposition  of  green  and  white  signals  (arrow)  designates  the  TMPRESS:Erg  fusion.  G-I: 
IHC  and  interphase  FISH  sections  from  primary  PCa  patient  #5,  with  TICs  that  were  used  to  generate  zebrafish 
xenografts.  The  image  in  H  is  a  higher  magnification  of  the  outlined  areas  in  G.  An  Erg  overexpression  IHC  image  in  the 
main  figures  (Fig.  5J)  represents  a  500X  magnification  of  the  outlined  area  (*)  in  this  supplementary  Fig.6H  from  a 
sequential  section  of  the  same  #5  patient’s  tissue.  I:  Multicolor  interphase  FISH  on  cells  from  the  same  #5  patient’s 
tissues  in  G-H  demonstrating  TMPRESS:Erg  rearrangements.  The  intact  ERG  allele  is  designated  by  juxtaposition  of  red 
and  green  signals.  The  TMPRESS:ERG  gene  fusion  was  detected  through  deletion  with  the  absence  of  a  red  signal  and 
remaining  green  signal.  Please  note  that  TICs  from  this  same  primary  PCa  patient  #5  were  used  to  generate  zebrafish 
xenografts,  and  cells  from  these  xenografts  showed  strong  nuclear  staining  for  Erg  by  IHC  (Fig.  5J),  suggesting  that  these 
fish  xenografts  were  derived  from  primary  PCa  cells,  and  not  from  normal  epithelial  cells.  Scale  bars  are  2  pm  in  F  and  I. 

Supplementary  Fig.  7.  IHC  analyses  of  xenografts  of  human  prostate  cancer  cells  in  embryonic  zebrafish.  A-D:  Sections 
from  zebrafish  embryo  with  prostate  cancer  xenografts  migrating  to  the  tail  region  (A-D).  Migrated  cells  are  stained  with 
H&E  (A-B),  and  CK8-18  (C-D).  B-D  are  higher  magnification  of  the  outlined  area  in  A.  D  is  a  higher  magnification  of 
the  outlined  area  in  C.  E:  Localized  xenograft  outlined  (E),  and  sections  were  stained  with  either  H&E  (F),  or  in  dual  IHC 
with  the  combination  of  PSA  in  red  and  hCD44  in  brown  (G-H).  Notice  the  faint  cytoplasmic  red  staining  of  PSA 
(arrows)  with  the  overlying  brown  stating  of  hCD44.  F-H  are  higher  magnification  of  the  outlined  area  in  E.  H  is  a  higher 
magnification  of  the  outlined  area  in  G.  Images  were  taken  at  9  dpt  for  A-D  and  8  dpf  for  E-H.  Scale  bars  are  100  pm  in 
A  and  E. 

Supplementary  Fig.  8.  ELDA  plot  used  to  assess  the  frequency  of  self-renewing  TICs.  TIC  frequencies  were  calculated 
using  ELDA  with  99%  confidence  interval.  Correlation  coefficient  (R2)  values  are  displayed.  While  the  TIC  potential  for 
a2pilow/CD44low  cells  was  limited  (green  lines),  the  99%  confidence  interval  for  DU  145  parental  cells,  and  for 
a2pih7CD44hl cells  sorted  from  5-min-adherent  fraction  at  correlation  coefficient  (R2)  values  of>0.99  were  1/175  to 
1/338  and  1/75  to  1/125,  respectively.  This  correlates  to  a  frequency  of  self-renewing  TIC  of  0.296%  to  0.57%  in  DU145 
parental  cells,  and  0.8%  to  1.33%  in  a2pihl/CD44hl  cells  sorted  from  5-min-adherent  fraction.  The  overall  frequency  of 
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self-renewing  TICs  was  calculated  to  be  0.3%  to  1.3%  of  DU145  cells.  These  data  were  further  confirmed  using  the  L- 
calc  software  as  described  in  supplemental  methods.  ELDA  was  used  to  assess  the  frequency  of  self-renewing  tumor 
initiating  PC3  and  primary  cells  similarly  (Not  shown). 

Supplementary  Fig.  f .  Xenotransplant  of  human  prostate  cancer  cells  in  conditioned  juvenile  Casper  zebrafish.  A: 
Fluorescent  image  from  a  control  untransplanted  Casper  zebrafish  with  background  fluorescence  within  the  gut  region  and 
in  the  eye.  B-E:  DU145  parental,  5-min  adherent  a2plh'/CD44hl  cells,  and  20-min  non-adherent  a2pilow/CD44low  cells 
were  transplanted  either  SC  in  the  tail  region,  or  IP  into  6-8  weeks  Casper  zebrafish.  Recipient  fish  were  conditioned  with 
dexamethazone  for  2  days  before  transplant.  Non-tumor  normal  prostate  cells  were  used  as  control  and  yielded  no  tumor 
formation  (Supplementary  Table  4).  B-C:  Representative  fluorescent  images  from  recipient  fish  transplanted  with  5  X  102 
parental  DU  145  cells  SC  (circled  area)  with  tumor  growth  (B)  and  localized  tumor  spread  (C)  in  the  same  fish  at  13  and 
28  dpt.  The  three  right  panels  show  both  histology  of  the  tumor  growth  in  B  (top),  and  40X  magnification  of  the  circled 
area  in  C  (middle  panel  is  bright  field  and  lower  panel  is  605  red  fluorescence).  D-E:  A  second  representative  fish  from 
those  transplanted  with  5  X  101  5-min  adherent  a2pihl/CD44hl  sorted  cells  with  tumor  spread  in  the  tail  region  (arrow  in 
E)  and  to  the  brain  (circled  area  above  the  eye  in  E).  All  images  are  lateral  views  with  the  zebrafish  head  to  the  left. 

Supplementary  Fig.  10.  Metastatic  behavior  of  prostate  cancer  cells  in  vivo  in  zebrafish  xenografts.  A-H:  Histological 
sections  stained  with  H&E  from  control  untransplanted  zebrafish  muscle  (A-B)  and  kidney  marrow  (E-F)  tissues 
compared  to  matching  sections  from  fish  transplanted  with  the  5-min  collagen-attached  a2pihl/CD44hl  cells  (C-D  and  G- 
H).  Muscle  section  of  control  fish  in  low  power  (A)  and  high  power  (B)  images  demonstrates  no  cell  infiltrates,  while  the 
corresponding  muscle  section  of  control  fish  in  low  power  (C)  and  high  power  (D)  images  shows  widespread  tumor  cell 
infiltrates  (white  arrow).  Notice  the  round  morphology  of  the  DU145  engrafted  cells  compared  to  the  elongated  muscle 
nuclei.  E-H:  Histological  H&E  sections  from  a  control  non-transplanted  juvenile  zebrafish  kidney  marrow  in  E,  and  in 
higher  power  in  F  showing  kidney  tubules  and  marrow  hematopoietic  tissue  (white  arrow).  The  section  from  the  DU145 
TICs  transplanted  fish  at  day- 13  post-transplant  demonstrates  fewer  tubular  structures,  and  tumor  infiltrates  and  colonies 
of  cells  (black  arrows)  resembling  the  morphology  of  human  DU145  tumor  cells.  I:  Sections  from  muscle  metastatic 
dissemination  were  subjected  to  IHC  with  anti-hCD44  demonstrating  engrafted  human  DU  145  cells.  Data  represent 
sections  from  recipient  fish  fixed  at  day  28  (n=  6/group).  Scale  bars  are  50  pm  in  A-H,  and  20  pm  in  I. 
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Table  SI 


DU145  Transplant  Dissemination  potential 

Zebrafish  Embryonic  embryos  (Presence  of  QD  micro-metastasis  at  3  dpt)  (%) 

Transplant  (Survivors) 

Local  Micro-metastasis 


growth 

Muscle 

Yolk 

Brain** 

<5 

5-10 

>10 

Total  [>5] 
tumor  (%) 

SC  Vehicle 

10(9) 

0(0) 

0(0) 

0(0) 

0(0) 

0(0) 

0(0) 

0(0) 

0(0) 

SC  10  cells 

Parental 

50  (36) 

4(11) 

19(53) 

18  (50) 

12  (33) 

2(14) 

10  (34) 

15  (42) 

25  (69) 

Non-TICs 

50  (38) 

5(13) 

7(18) 

8(21) 

5(13) 

5(14) 

3(61) 

5  (14) 

8(21) 

TICs 

50  (40) 

4(10) 

25 (62) 

22  (55) 

20  (40) 

2(40) 

5(40) 

27  (40) 

32  (80)* 

3  cells 

Parental 

50  (42) 

3  (7) 

10  (24) 

11  (26) 

10(24) 

1(42) 

4(42) 

7(42) 

11  (26) 

Non-TICs 

50  (36) 

0  (0) 

6(17) 

5(14) 

2  (6) 

2(36) 

2(36) 

4(36) 

6(17) 

TICs 

50  (45) 

3  (7) 

20  (44) 

20  (40) 

17(38) 

2(45) 

2(45) 

20  (45) 

22  (49)* 

SC  10  normal  cells 

Parental 

20(17) 

0  (0) 

0(0) 

0(0) 

0(0) 

3(18) 

0(0) 

0(0) 

0(0) 

Non-TICs 

20(15) 

0  (0) 

0(0) 

0(0) 

0(0) 

2(13) 

0(0) 

0(0) 

0(0) 

Yolk  10  cells 

Parental 

50  (44) 

10  (23) 

5(11) 

10  (23) 

5(11) 

5(44) 

6(44) 

11 (44) 

17  (39) 

Non-TICs 

50  (45) 

15(33) 

1  (2) 

2(4) 

0  (0) 

3(45) 

2(45) 

2(45) 

4  (9) 

TICs 

50  (40) 

13  (32) 

8(20) 

14(35) 

6(15) 

3(40) 

8(40) 

14  (40) 

22  (55)* 

3  cells 

Parental 

50  (38) 

5(13) 

3  (8) 

7(18) 

3  (8) 

4(38) 

4(38) 

7(38) 

11  (29) 

Non-TICs 

50  (42) 

7(17) 

2  (5) 

4(10) 

0  (0) 

1(42) 

0(42) 

4(42) 

4(10) 

TICs 

50  (42) 

2  (5) 

10  (24) 

16  (38) 

4(10) 

1(42) 

6(42) 

16  (42) 

22  (52)* 

Table  SI.  Prostate  tumor  cell  transplantation  in  embryonic  zebrafish  demonstrates  tumor  initiation  potential  of  TICs.  Embryos  were  transplanted  in  three 
independent  experiments  using  20  embryo/variable  in  two  experiments,  and  10  embryos/variable  in  a  third  experiment.  Parental  DU  145  cells,  non-collagen 
adherent  cells  at  20-min  that  were  sorted  for  a2pilow/CD44low  cells  (Non-TICs),  and  5-min  collagen  adherent  cells  that  were  sorted  for  a2(31hl/CD44hl  (TICs)  were 
injected  either  subcutaneously  (SC)  or  into  the  yolk  (Yolk)  of  48-hpf  zebrafish  embryos  at  the  indicated  cell  doses.  Local  tumor  growth  at  the  yolk  resulted  in  an 
overall  lower  potential  for  tumor  dissemination  to  distant  sites  compared  to  SC  tumor  growth,  likely  due  to  differences  in  nutritional  microenvironments. 
Dissemination  potential  of  injected  cells  in  fish  embryos  was  defined  by  the  presence  of  migrating  quantum  dot  (QD)-labeled  cells  at  distant  sites  from  the  site  of 
injection  at  3-days  post  transplantation  (dpt).  Micro-metastasis  was  frequently  detected  at  multiple  distant  sites  simultaneously  in  the  same  embryo.  The  presence 
of  >5  micro-metastasis  sites  was  considered  as  an  evidence  for  tumor  growth  and  dissemination.  Vehicle  (PBS)-  or  QDs  only-injected  embryos  did  not  develop 
any  tumors.  *TICs  initiated  significantly  higher  tumors  than  parental  or  non-TICs,  ANOVA,  p<  0.001  in  all  cell  doses  and  injection  sites.  **Brain  metastasis  were 
present  significantly  higher  in  embryos  injected  with  the  TICs  fraction,  Fisher’s  exact  test,  p<  0.001.  ***Tumor  initiation  potential  of  pretreated  cells  was 
significantly  lower  than  untreated  cells,  n=  >20,  Fisher’s  exact  test,  p<  0.02. 
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Table  S2 


Prostate  cancer 

Zebrafish  Embryonic  Transplant 

Transplant  embryos 

(Survivors) 

Dissemination  potential 

(Presence  of  QD  micro-metastasis  at  12  dpt)  (%) 

PC3  cells 

Adherent  a2pTow/CD44low 

23  (18) 

11  (61)* 

Non-adherent  a2pihl/CD44hl 

22  (17) 

6(35) 

Non-adherent  a2pllow/CD44low  (Non-TICs) 

20(18) 

2(11) 

DU145  cells 

Adherent  a2pllo7CD44low 

25  (19) 

10  (53) 

Non-adherent  <x2plhi/CD44hi 

25  (23) 

8(35) 

Non-adherent  a2pilow/CD44low  (Non-TICs) 

25  (20) 

7(35) 

Table  S2.  Tumor  initiation  potential  of  the  different  prostate  cancer  cell  fractions  from  collagen-I  adhesion.  Embryos  were  transplanted  in  two 
independent  experiments  using  >20  embryos/variable.  Collagen-I-adherent  cells  and  collagen-I-non-adherent  PC3  and  DU  145  cells  at  20-min  were 
sorted  for  a2(l  1  lov7CD44low  and  a2pihl/CD44hl  cells.  Sorted  cells  were  injected  into  48-hpf  zebrafish  embryos.  The  dissemination  potential  of 
injected  cells  into  zebrafish  embryos  was  defined  by  the  presence  of  migrating  labeled  cells  at  distant  sites  from  the  injection  site  at  12  days  post 
transplantation  (dpt)  to  allow  for  testing  the  full  range  of  tumor  initiation.  *PC3-adherent  a2pilow/CD44low  tumor  initiation  potential  was 
significantly  higher  than  non-TICs  (Fisher’s  exact  test,  two-sided  p-value=0.004).  All  other  comparisons  were  not  significantly  different. 
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Table  S3 


Prostate  cancer 

Zebrafish  Embryonic  Transplant 

Transplant  embryos 

(Survivors) 

Dissemination  potential 

(Presence  of  QD  micro-metastasis  at  3  dpt)  (%) 

PC3  cells 

Parental 

45  (37) 

25  (68) 

Non-TICs 

40  (30) 

18(60) 

TICs 

32  (28) 

24  (86)1 

CWR22  cells 

Parental 

25  (18) 

10  (56) 

Non-TICs 

32  (24) 

6(25) 

TICs 

45  (35) 

22  (63)2 

LnCap  cells 

Parental 

30  (26) 

17  (65) 

Non-TICs 

20  (16) 

10  (62) 

TICs 

22  (20) 

18  (90)3 

Primary  #2  cells 

Parental 

25  (18) 

11  (29) 

Non-TICs 

18(15) 

6(10) 

TICs 

20(18) 

15  (52)4 

Primary  #3  cells 

Parental 

23  (16) 

14  (87) 

Non-TICs 

22(15) 

13  (87) 

TICs 

22  (19) 

18  (95)5 

Primary  #6  cells 

Parental 

40  (36) 

24  (67) 

Non-TICs 

33  (25) 

10  (40) 

TICs 

45  (37) 

32  (87)6 

Table  S3.  Multiple  prostate  cancer  cell  lines  and  primary  tumor  cell  transplantation  in  embryonic  fish  demonstrates  tumor  initiation  potential  of  TICs. 

Embryos  were  transplanted  in  two  independent  experiments  using  >20  embryo/variable.  Parental  cells,  non-collagen  adherent  cells  at  20-min  that  were  sorted  for 
a2pilow/CD44low  cells  (Non-TICs),  and  5-min  collagen  adherent  cells  that  were  sorted  for  a2(31hl/CD44hl  (TICs)  were  injected  SC  in  48-hpf  zebrafish  embryos. 

The  dissemination  potential  of  injected  cells  in  zebrafish  embryos  was  defined  by  the  presence  of  migrating  quantum  dot  (QD)-labeled  cells  at  distant  sites  from 
the  site  of  injection  at  3-days  post  transplantation  (dpt).  The  presence  of  >5  micro-metastasis  sites  was  considered  an  evidence  for  tumor  growth  and  dissemination. 
Data  from  prostate  cancer  cell  lines  and  three  representative  primary  prostate  cancer  patient  samples  are  demonstrated.  'PC3-TICs  were  significantly  higher  than 
non-TICs,  Fisher’s  exact  test,  two-sided  p-value=0.04. 2CWR22-TICs  were  significantly  higher  than  non-TICs,  Fisher’s  exact  test,  two-sided  p-value=0.007. 
3LnCap-TICs  showed  a  trend  to  be  higher  than  non-TICs,  Fisher’s  exact  test,  two-sided  p-value=0.1034.  4Primary-#2-TICs  were  significantly  higher  than  non- 
TICs,  Fisher’s  exact  test,  two-sided  p-value=0.014. 5Primary-#3-TICs  were  not  significantly  different  from  non-TICs,  Fisher’s  exact  test,  two-sided  p-value=0.57. 
6Primary-#6-TICs  were  significantly  higher  than  non-TICs,  Fisher’s  exact  test,  two-sided  p-value=0.0002. 
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Table  S4 


DU145 

Juvenile 

Transplant 

zebrafish 

Dissemination  potential 

(Presence  of  QD  micro-metastasis  at  28  dpt)  (%) 

Zebrafish 

Xenograft 

(Survivors) 

Local 

growth 

Muscle 

Marrow 

Brain** 

Micro-metastasis 

<5 

5-10 

>10 

Total  [>5] 
tumor  (%) 

SC 

500  cells 

Parental 

3(3) 

1  (33) 

2  (67) 

2  (67) 

2  (67) 

0 

(0) 

0 

(0) 

2  (67) 

2  (67) 

Non-TICs 

3(3) 

0  (0) 

1  (33) 

1  (33) 

1  (33) 

0 

(0) 

0 

(0) 

1  (33) 

1  (33) 

TICs 

3(3) 

1  (33) 

3 (100) 

2  (67) 

2  (67) 

0 

(0) 

0 

(0) 

3  (100) 

3 (100) 

50  cells 

Parental 

3(3) 

0  (0) 

3 (100) 

3  (100) 

3  (100) 

0 

(0) 

0 

(0) 

3  (100) 

3  (100) 

Non-TICs 

3(3) 

0  (0) 

0  (0) 

0  (0) 

0  (0) 

0 

(0) 

0 

(0) 

0  (0) 

0  (0) 

TICs 

3(3) 

1  (33) 

3 (100) 

3  (100) 

3  (100) 

0 

(0) 

0 

(0) 

2  (67) 

3  (100) 

10  cells 

Parental 

3(2) 

0  (0) 

2  (67) 

1  (33) 

0  (0) 

0 

(0) 

0 

(0) 

2  (67) 

2  (67) 

Non-TICs 

3(3) 

0  (0) 

1  (33) 

1  (33) 

1  (33) 

0 

(0) 

0 

(0) 

1  (33) 

1  (33) 

TICs 

3(3) 

0  (0) 

2  (67) 

2  (67) 

2  (67) 

0 

(0) 

0 

(0) 

2  (67) 

2  (67) 

IP 

500  cells 

Parental 

3(3) 

2  (67) 

1  (33) 

0  (0) 

0  (0) 

0 

(0) 

0 

(0) 

1  (33) 

3 (100) 

Non-TICs 

3(3) 

0  (0) 

1  (33) 

0  (0) 

0  (0) 

0 

(0) 

0 

(0) 

1  (33) 

1  (33) 

TICs 

3(3) 

1  (33) 

3 (100) 

2  (67) 

2  (67) 

0 

(0) 

1  (33) 

1  (33) 

2  (67) 

50  cells 

Parental 

3(3) 

1  (33) 

2  (67) 

1  (33) 

3  (100) 

0 

(0) 

1  (33) 

1  (33) 

3 (100) 

Non-TICs 

3(3) 

0  (0) 

0  (0) 

0  (0) 

0  (0) 

0 

(0) 

0 

(0) 

0  (0) 

0  (0) 

TICs 

3(3) 

0  (0) 

3 (100) 

3  (100) 

3  (100) 

0 

(0) 

1 

(33) 

2  (67) 

3 (100) 

10  cells 

Parental 

3(3) 

0  (0) 

2  (67) 

1  (33) 

0  (0) 

0 

(0) 

1 

(33) 

0  (0) 

1  (33) 

Non-TICs 

3(3) 

0  (0) 

0  (0) 

0  (0) 

0  (0) 

0 

(0) 

0 

(0) 

0  (0) 

0  (0) 

TICs 

3(3) 

1  (33) 

2  (67) 

2  (67) 

2  (67) 

0 

(0) 

0 

(0) 

2  (67) 

3 (100)* 

Table  S4.  Prostate  tumor  cell  transplantation  in  juvenile  conditioned  zebrafish  demonstrates  the  metastatic  potential  of  TICs.  Juvenile  6-8  week  zebrafish 
were  conditioned  with  10  pg/ml  dexamethazone  for  2  days  as  described  28.  On  the  next  morning,  fish  were  anesthetized  with  tricaine,  and  transplanted  in  three 
independent  experiments  using  9  juvenile  fish/cell  dose.  QD-labeled  parental  DU  145  cells,  non-collagen  adherent  cells  at  20-min  that  were  sorted  for 
a2pil0/CD44l0  cells  (Non-TICs),  and  5-min  collagen  adherent  cells  that  were  sorted  for  a2pih7CD44hl  cells  (TICs)  were  injected  either  SC  in  the  tail  region,  or  IP 
at  the  indicated  cell  doses.  The  dissemination  potential  of  injected  cells  in  zebrafish  was  defined  by  the  presence  of  migrating  QD-labeled  cells  at  distant  sites  from 
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the  site  of  injection  at  days  13-  and  28-dpt.  The  presence  of  >5  micro-metastasis  sites  was  considered  as  an  evidence  for  tumor  growth  and  metastasis. 
Dissemination  was  frequently  detected  at  multiple  distant  sites  including  brain,  muscle,  and  kidney  marrow  with  multiple  colonies  detected  simultaneously  after 
local  growth  in  the  same  recipient  zebrafish.  Vehicle  (PBS)-  or  QDs  only-injected  fish  did  not  develop  any  tumors.  *TICs  initiated  significantly  higher  tumors  than 
parental  or  non-TICs,  ANOVA,  p<  0.001  in  all  doses  and  injection  sites.  **Brain  metastases  were  present  at  a  significantly  higher  rate  in  fish  injected  with  the 
TICs  fraction,  Fisher’s  exact  test;  p<  0.001. 
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